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AbgTflMT 

Tha  nf fact  of  flying  olooo  to  tha  aarth'a  aurfaoa  on 
tba  lift  to  drag  ratio  (L/D)  waa  invaatlgatad.  Thia  waa 
aoooapliahad  with  tba  aodal  of  a  HACA  4415  wing  in  tha  AFIT 
5-foot  Wind  Tunnal. 

Tha  aodal  waa  aguippad  with  a  full-apan  adjuatabla  flap  wad 
thraa  aata  of  aad  and  oaatar  plat aa.  Oround  boarda  wara  plaoad 
in  tha  tunnal  to  alaulata  tha  aarth'a  aurfaoa.  Fivn  diffarant 
haighta  of  tha  nodal  abowa  tha  ground  boarda  wara  aalaotad  to 
rapraaant  in  and  out  of  ground  affaota  raglnaa. 

Data  wara  oollaotad  for  foroaa  aad  praaauraa  on  tha  nodal 
and  an  tha  board.  Tba  graphical  rapraaantatlon  of  raoulta 
diaplayad  tha  affaota  of  abating  aodal  paranatara  varnua  foroa, 

Thaaa  oonolualona  wara  oonparad  to  thaory  and  othar 
litaratura  for  oorralatlon.  Baaulta  wara  oonoluaivo.  Tha 
affaota  of  oantar  plataa  and  tha  variation  of  plata  alaa  wara 
nagliglbla.  Tha  praaanoa  of  tha  ant  of  and  plataa  waa  banaflolal 
naar  tha  aurfaoa  but  waa  nagliglbla  out  of  ground  affaota.  Tha 
haight  of  tha  aodal  abowa  tba  board  produoad  notloaabla  dlffar- 
anaaa  in  raaulta.  Angla  of  attaok  waa  ebown  to  hawa  a  narkad 
inf luanoa  along  with  flog  oagla.  Pronourn  plota  aloe  appaarod  to 
prowida  a  nothod  of  pradlotii*  tba  — aunt  of  lift  produoad. 
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PUTSOM 

This  investigation  determined  the  ground  effects  on  a  wing 
whan  it  was  flying  in  oloaa  proximity  to  tha  ground.  Thaaa 
wing- in-ground  (MIG)  affa eta,  aa  thay  are  oomaonly  oal lad,  are 
ganarally  axperianoad  in  tha  fora  of  inoraaaad  lift  and  raduoad 
induoad  drag.  Ground  affa eta  alowly  diainiah  a a  tha  object  ia 
flying  away  froa  tha  ground  aurfaoa  and  eventual ly  diaappaar. 
Thua  tha  entire  ragiaa  of  MIG  effeota  oan  be  further  aubdivided 
into  three  aonaa,  naaaly  a)  In-Ground  Iffeota  (IGZ)  aona  where 
thaaa  af facta  are  vary  predoainant ,  b>  Out-of -Ground  If facta 
(OGK)  aona,  where  thaaa  effeota  are  diaappaar ing,  and  o)  Free 
Streaai  aona,  where  these  effeota  are  absent. 

Tha  transition  fron  one  sons  to  the  other  is  gradual.  This 
study  hae  defined  and  aetablishad  boundaries  for  these  sones  in 
addition  to  determining  quantitatively  the  ground  effeota  and 
how  they  oan  best  be  used.  For  this  study,  a  NACA  4415  wing 
with  Aspect  Ratio  (AS)  equal  to  2.33  was  selected.  Tha 
selection  of  the  airfoil  shape  and  AR  was  deliberate.  Tha 
Mobility  Development  Laboratory  (MDL)  of  the  Flight  Dynaaios 
Lab  at  NPAFB  used  this  wing  in  power  augmented  raa  wing- in- 
ground  (PAR-MXG)  effect  studies.  The  present  effort  wan  a lead 
at  supplementing  the  MDL  work.  Kffort  wee  aede  to  study  tha 
effeot  of  different  variables  on  the  aerodynaaio  characteris¬ 
tics  of  the  wing,  singly  and  in  combination  with  the  other 
parameters,  in  order  to  find  the  configuration  whioh  exhibited 
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tha  highest  L/D.  Various  paraastsra  oonsidsrsd  wars  the  angle 
of  attack,  «,  flap  angle,  a,  height,  H/c,  and  the  size  of  the 
end  plates. 

The  present  study  will  help  explain  the  gliding  mode  of  a 
body  when  it  is  flying  olose  to  the  ground.  This  situation  is 
encountered  during  take-off  and  landing  stages.  In  the  present 
study,  no  engines  were  used.  Thus,  while  flying  near  the 
ground,  the  ground  effeots  experienced  are  the  result  of  the  air 
cushion  developed  in  the  cavity  between  the  underside  of  the 
body  and  the  ground.  So,  in  reality,  it  becomes  a  case  of  air 
cushion  wing- in-ground  (ACttlG)  effeots. 

The  research  oontained  in  this  study  is  part  of  a  program 
directed  at  the  development  of  a  horizontal  launch  system  for 
transatmospherio-type  vehioles.  To  date,  all  such  vehioles  sent 
into  space  have  been  launched  vertically.  Ivan  the  sup-posedly 
resuable  space  shuttle  requires  many  throw  away  sections  that 
must  be  heaved  into  orbit  through  massive  expenditures  of  power, 
money,  time,  and  loss  of  flexibility.  With  more  common  use  of 
the  shuttle  system  ooming  along,  a  oonoept  which  can  reduce 
life-oyole  costs  and  provide  greater  flexibility  is  required.  A 
poesibility  exists  in  the  PAB-WXG  launcher.  The  PAR-WIQ  launch 
system  is  a  piggy-bmok  transporter  which  will  allow  horizontal 
take-off  of  ehuttle-type  vehioles  from  conventional  airfields 
with  very  short  response  times.  Besides  providing  nearly 
unlimited  flexibility,  this  transporter  system  will  provide  huge 
savings  in  man-hours,  launoh  platforms,  power  requirements  and. 
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thus,  affeot  oost  savings.  The  ACWIG  studies  will  help 
determine  the  additional  effeots  enoountered  in  PAR-WIG  effect 
flying  mode. 

Backs round 

When  an  aircraft  takes  off  in  normal  operation,  it  does  not 
olimb  immediately  to  its  flight  altitude.  For  the  first  few 
moments,  it  stays  close  to  the  surfaoe  in  nearly  horizontal 
flight  to  gather  the  speed,  and  thus  generate  lift,  required  to 
be  able  to  support  itself  and  olimb.  While  olose  to  the 
surfaoe,  the  wing  is  able  to  generate  additional  lift  for  the 
airoraft  with  less  power  than  is  possible  during  flight  at  high 
altitudes. 

It  is  generally  accepted  from  previous  studies  that  IGK  are 
experienced  within  one  wing  ohord  height  above  the  surfaoe.  As 
the  wing  gets  oloser  to  the  surfaoe,  lift  inoreases  very 
rapidly.  Larger  lift  produces  an  increased  lift  to  drag  ratio 
(L/D)  near  the  surfaoe.  As  the  vehiole  approaches  the  ground, 
a  reduction  in  the  induced  drag  also  ooours.  As  drag  is 
reduced,  the  L/D  is  furthsr  increased. 

The  primary  result  of  ths  phenomenon  is  that  the  vehicle 
can  oarry  a  heavier  load  than  an  airoraft  flying  at  higher 
altitudes,  "out -of -ground  effect”.  This  nay  provide  the  basis 
for  a  potential  launch  platform. 

This  WIG  effect  pbenomsmon  was  first  observed  when,  during 
the  landing  phase,  pilots  noticed  that  their  airoraft  tended  to 
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-float"  as  if  on  a  cushion  of  air.  It  is  also  notioad  in 
bslieeptsrs  that  lass  powar  is  raquirad  to  hovar  IGE  than  0G2. 
Tha  assooiatad  reduction  in  induoad  drag  was  first  capitalized 
upon  in  tha  Cornier  DO  X-12  Flying  Boat  to  inoraasa  its  range 
for  soheduled  crossings  of  the  Atlantio  during  tha  1930's.  A 
by-product  of  tha  IGE  phenomenon  was  tha  safe  return  of  many 
pilots  and  damaged  airoraft  whan  pilots  oapitalisad  upon  it 
during  oombat  in  florid  Mar  II. 

Tha  evaluation  of  IQE  started  in  tha  1920's  and  is 
probably  tha  result  of  observations  made  during  tha  flight 
intensive  years  of  Morld  Mar  I.  Tha  first  work  in  tha  1920's 
and  1930’ s  was  dona  by  Marner  (20).  Ha  studied  low  Aspect  Ratio 
and  ram-wing  configurations.  T.  Kaario  (20),  a  Finnish 
engineer,  developed  the  first  true  MIG  concept.  During  1932  he 
built  a  oraft  called  a  flying  wing  whioh  worked  well  near  the 
ground.  However,  when  he  tried  to  fly  it  higher,  it  developed 
severe  instability  problems.  In  1935  he  built  and  flew  another 
oraft  whioh  generated  a  L/D  of  almost  15.  He  kept  up  his 
studies  until  the  early  1960's.  During  Morld  Mar  II,  N.  Troong 
(20),  in  Switserland,  built  and  tested  a  oraft  weighing  up  to  30 
tons  but  these  studies  were  never  oonpleted. 

Most  of  the  studies  of  MIG  vehioles  since  Morld  Mar  II  have 
been  carried  out  in  the  United  States  and  the  Soviet  Union. 
However,  sinoe  the  fuel  shortage,  research  has  been  reawakened 
in  the  Federal  Republio  of  Germany  and  Japan  as  well  as  in  the 
U.S.  and  U.S.S.R.  The  Soviets  have  seriously  outpaoed  all 


others  in  their  efforts  even  though  they  olein  "the  U.S.  hes 
conducted  detailed  end  exhaustive  work  on  surface  effect  oraft 
sinoe  World  War  II”  (20). 

In  the  U.S.,  experiments  have  been  conducted  by  Alexander 
Lippish  (20)  from  West  Germany  and  H.  Weiland  (20)  from  Sweden. 
These  experiments  resulted  in  the  design  and  development  of  the 
1000-ton  "Wei lander aft” ,  whioh  was  dropped  from  building  and 
further  testing  in  1964  after  the  model  failed.  The  U.S. 
Maritime  Administration  let  a  oontraot  for  researoh  and 
development  that  resulted  in  the  "Columbia"  whioh  had  such 
enormous  cost  overruns  that  it  was  discontinued  after  only  a 
few  tests. 

Prior  to  the  1970's,  technological  advancements  alone  were 
the  driving  force  behind  the  experiments.  It  was  not  until  the 
fuel  shortages  and  the  dynamic  leaps  made  in  air  defense 
systems  demonstrated  in  the  1973  Arab- Israeli  War  that  new 
interest  was  started  in  the  WIG  capability.  Sinoe  then,  the 
WIG  effort  in  the  U.S.  has  been  primarily  a  naval  effort.  The 
use  of  hoveroraft  has  beoome  prominent.  The  only  true  high 
speed,  low  flying  WIG  vehiole  ourrently  in  use  is  the  Soviet 
"Caspian  Sea  Monster"  oapable  of  long-range  transport  of  heavy 
cargo  or  large  numbers  of  troops.  Possible  WIG  missions  include 
anti-submarine  warfare,  anti-shipping  warfare,  minelaying, 
reconnaissance,  searoh  and  resoue,  troop  and  logistic  support, 
and  amphibious  operations.  WIG  vehioles  offer  advantages  of  low 
fuel  consumption  rates,  the  speed  of  an  airoraft,  low  altitudes, 


better  payload  capability,  lower  detection  threshold,  and  at 
least  four  modes  of  operation.  They  will  fly  1)  in  ground 
effect,  2)  maneuver  on  the  surface,  3)  stationkeep  (hover),  and 
4)  fly  out  of  ground  effect.  They  provide  a  perfect  platform 
for  weapons  or  sub-vehicle  launch  and,  in  some  oases,  sub¬ 
vehicle  retrieval. 

To  provide  power,  engines  are  mounted  on  the  vehicle  as 
they  would  be  in  a  conventional  airoraft,  or  even  further 
forward  of  the  wing  than  normal.  These  engines,  however,  would 
have  adjustable  pitch  to  provide  for  thrust  vectoring.  By 
varying  this  engine  angle,  the  exhaust  gases  and  thrust  help 
provide  additional  flow  under  the  wings  to  allow  more  lift, 
greater  L/D,  and  lower  speeds.  This  is  oalled  power 
augmentation.  This  configuration  would  eventually  fly  and  be 
used  in  the  final  development  at  which  this  study  is  aimed. 

Objectives  and  Scope 

The  stipulated  purpose  of  the  present  study  has  been  to 
show  that  greater  amounts  of  lift  and  higher  L/D  are  generated 
close  to  the  surface  of  the  earth.  The  objectives  were: 

1.  Design  wind  tunnel  experiments  which  would  simulate  flight  of 
a  wing  close  to  the  ground  and  generate  the  aerodynamic  data 
required  for  various  heights  and  flight  control  settings. 

2.  Establish  a  data  reduction  methodology  for  the  experiments 
of  objective  1. 

3.  Reduce  and  plot  the  results  with  varying  parameters  to 
deduoe  the  effectiveness  of  eaoh  variable. 
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4.  Determine  recommendations  for  further  study  to  accomplish 
the  final  stages  of  launch  vehiole  development. 

The  scope  was  limited  to  a  non-powered  system.  The  power 
augmented  ram-wing  would  have  entailed  a  more  sophisticated  model. 
That  may  follow  the  present  effort.  By  using  the  wing  without 
power,  the  characteristics  were  determined  for  a  glide  mode. 
Differences  in  values  were  not  as  dramatic  as  in  a  PAR-WIG 
experiment  but  the  characteristics  exhibited  by  each  step  could 
be  determined. 

The  model  was  limited  in  size  by  the  use  of  the  Air  Force 
Institute  of  Technology’s  (AFIT)  5-foot  Wind  Tunnel.  Atmospheric 
air  was  the  medium  of  study  at  low  sub-sonic  speeds.  The  dynamic 
pressure  was  kept  low,  at  10  psf,  to  stay  within  the  limitations 
of  the  instrumentation. 
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The  aerodynamic  characteristics  of  a  wing  operating  at  or 
near  the  surface  of  the  earth  have  interested  many  researchers 


since  the  end  of  World  War  1.  Those  interested  in  a  more 
efficient  mode  of  flight  have  considered  flying  in  ground  effect 
to  be  efficient  not  only  in  production  of  increased  lift  but 
also  in  reduction  of  induced  drag,  thus  resulting  in  fuel  savings. 


Drag 

Wieselberger  (43)  studied  'Wing  Resistance  Near  the  Ground' 
in  1921  and  was  the  first  experimenter  to  document  "that  the  wing 
resistance  diminishes  on  approaching  the  ground,  while  the  lift 
increases  somewhat,  thereby  making  the  lift  to  drag  ratio  more 
favorable".  In  order  to  solve  for  the  change  in  induced  drag 
(aDi),  Wieselberger  used  the  theory  of  images  or  principle  of 
reflection.  He  thus  replaced  the  ground  surface  by  a  mirror 
creating  an  image  below  of  the  wing  above.  Then,  to  calculate 
the  drag,  he  used  a  method  similar  to  the  one  used  for  computing 
the  drag  of  a  multiplane  from  that  of  a  monoplane.  As  the  wing 
flies  above  the  surface  at  a  height,  h,  creating  lift,  Lx,  the 
mirror  image  wing  flies  below  the  surface  of  the  earth  at  the 
same  distance  and  yielding  lift,  -La.  The  ohange  in  induced  drag 
due  to  one  wing's  influence  upon  another  is  given  by: 

ADi.  —  «r  JUi  (  -L«.) 

*  q  bibs  ( 1) 
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For  a  airror  iaaga  o mam. 


b,  =  b-  =  b  ,  thoroforo  Lt  =  L2  =  L 


■o  aquttioD  (1) 


= 


Induced  drag  on  a  wing  ia  given  by 


"‘“ip 


So,  whan  flying  oloae  bo  the  ground  where  the  airror  iaage 
wing  hae  an  effeot,  the  drag  ia  then  changed  to: 


“i  =  &  -  S&  -  *  «-» 


Change  in  drag  ooeffioient  when  flying  oloae  to  the 

ground  ia  therefore  given  by: 


*CDi  = 


Combining  (2)  and  (5)  gi 


=  nq^8*  b^  =  ‘ 


equation  (6) 


that  the  obangea  in  induced  drag 


(^Cjji)  vary  aa  the  aquare  of  the  lift  ooeffioient  (C^) 
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>  vary  aa  tbs  aguaro  of  tbm  lift  ooofflolant  <C^> 
vbilo  1b  ground  offoot. 

Tbo  llal  tat  ions  1b  tbo  IH— lbirjw  thoory  war#  that  It 
ooBBldorod  o  QBQ-dl— b bIobbI  obbb  and  that  tbo  wing  opaaldarad 
uaa  without  and  platoa. 

Lift 

Tbo  lift  ooofflolaat  (CL)  boot  tbo  ground  la  grantor  than 
tbo  Cl  1b  froaotroaa  prl warily  dua  to  tba  offaota  of  abaddlag 
bound  and  trailing  wort  loan.  Tba  ground  proar  laity  providao  tbia 

bow  Cl  which  la  a  ooabinatloB  of  froaatroan,  G^,,  plus  a  obango 
duo  to  a  ground  cushion, 

CL  =  cLo  ♦  *%nQ  <?) 

Slnoo  tbo  valuo  for  ^Cyng  is  pooitiva  ,  tbo  final  valuo  for 

Cl  is  groat ar  tban  whan  out  of  ground  offoot. 

Qallington,  HI  11  or,  and  Snith  (18)  dovolopod  a  ooo-diaan- 
aional  tboory  using  "Tbo  Baa  Wing  Surfaoo  If foot  Vobiolo*. 

Tholr  vshiolo  bad  and  platoa.  Tboy  ooaparod  tboir  tboorotloal 
roaulta  with  tboir  wind  tunool  and  froaotroaa  raaulta.  In  tbo 
study,  laakago  undornoath  tba  sod  platoa  was  oonaidorod  and 
aaauaod  to  bo  duo  to  tbo  slovatod  proaauro  in  tba  nhannol 
undornoath  tbo  wing,  l.o. ,  an  Inoraoao  In  proaauro.  (Soo  rig.  1). 

-  1/2  PV0Z  (8) 
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aurfaoM  ob  Um  tap  and  bottoa  durw  Modal  II  «m  a  flat 
botto— J  airfoil.  Tha  1  attar  aodal  abowad  bat  tar  oorralatiae 
with  tbaory . 


Qallintfton  at  al. .  davalopad  tba  following  mat  of  aqMatiaao: 


CD  5  CD^  *  ^ 


ooaff iolaat 


=  2Y  , 


aD  • 


(9) 


c4n«  J  '**» 


»  >. 

b  tan  aD 


(11) 

(12) 


12 


=  0.14ft  (< 


of 
1  II) 


tiam  ft 


(42) ,  working  at  M.I.T.  In  1848. 
iloysd  «  -nlytlo  solution  for  two-  and  thr—  di—na  tonal 
m  of  vim  in  ground  af foot.  Ibajr  uood  lifting  ourfaoo 
for  a  ran  wing  oyarating  in  oloaa  proximity  to  a  aolid 

thin  study  itataraiiiad  that  flying  in  oloaa  praaciaity 
to  tha  ground  had  dofinita  parfomanoa  adwant mao.  Vary  high  CL 


L/D 


was  giwan  by: 

CL  =  ? 


with 
ICB. 


wh tolas.  Widnall  ml 
lowaat  ordar  aolutian  for  tha 

(13) 


aolutian  is: 
CL=f*V[21n5>l] 


(14) 


doing  tha  walus  of  CL  t 
ia  giwan  by: 


,  tha  induced  drag  coefficient 


CDi 


n  K  41 


(15) 


I  11  is  oallad  tha  Kffaotiwa  Aapsot  Batio.  Also, 


8"  i 


(16) 


sguatians  yiolds 
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(17) 


I  t  Cl1* 


la  tha  thraa  dl— aaloaal  oaaa  than  will  ba  a a  additional 
contribution  to  C^. 

Boats  (SS),  at  AFIT,  triad  to  pradiot  tha  lift  and  drag 
oharaotariatioa  of  an  dl  S  vial,  with  and  without  and  plataa. 
operating  in  ground  affaot  bp  uaii*  tha  Fdldll  bigbar  ordar 

ounarioal  aolutian  and  tha  awparinantal  data  for  tha  wing  without 
and  plataa  up  to  low  valuaa  of  B/o  ration.  Bownwar,  for  tha 
wii*  with  and  plataa,  tha  ounarioal  raaulta  ahowad  larga 
variation  fron  tha  aapar inant al  data  up  to  an  B/o  of  twanty 
paroant.  Tha  gap  batwaan  ounarioal  and  anparinantal  data 
narrow  down  for  highar  altltudaa.  Tha  nodal  ing  taahniqua 
naada  furthar  rafinanant  to  oooount  for  othar  variation  lika 
and  plata  aiaa,  angla  of  at took,  and  flap  daf loot ion. 

Boundary  Lurar  Iff act. 

In  thia  particular  study,  ground  boards  wars  uaad  to 
ainulata  tha  aurfooa  of  tha  aorth.  In  nuoh  of  tha  litaratura 
and  thaory,  tha  thought  proonaa  utilisad  tha  inoging  ays tan 
disouaaad  aarliar  and  ahow  in  Fig.  3.  A  faw  axparinants  have 
actually  boon  run  with  thia  ayat an  also.  It  is,  thaoratioally, 
a  bat tar  nathod  than  tha  ground  board. 

Tha  ground  board  will  oraata  a  boundary  layar  that  doao 
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Ground  livtl 


The  ground  board  will  or— to  a  boundary  layar  that  do— 
not  exist  la  Datura.  This  boundary  layar' a  thiohn—  depends 
upon  tha  fraaatra—  velocity,  tba  length  of  tha  board  in  front 
of  tba  nodal,  and  tha  roughn— a  of  tha  board.  Tha  boundary 
layar  oan  tbaoratioa lly  affaot  tha  raaulta  if  tba  nodal  ia 
inaida  tba  layar  —  it  oould  ba  ah—  flying  aaa r  tha  surface 
of  tha  board.  Inaida  tha  boundary  layar,  viaoos ity  nuat  ba 
taban  into  oanaidaratian.  Potantial  flow  aolutiona  cannot  be 
uaed.  However,  at  B/o  gr— tar  than  ana  half,  potantial  flow 
aolutiona  would  ba  aooaptabla.  Tha  —in  ahortooning  in  Goats' 
solution  was  that  ha  did  not  taka  tha  boundary  layar  into 
aooaunt. 

The  —in  purpose  of  this  study  ia  to  — xiaise  tha  L/D  by 
flying  oloaa  to  tha  ground  aurfaoa  —  this  raaulta  in  tha  — xinun 
power  available  for  propulsion  and  acceleration.  To  assure 

real istio  aiaulation  for  —  oloaa  to  tha  aurfaoa  as  possible, 
tha  boundary  layar  effects  need  to  ba  negated.  To  negate  boundary 

layar  affects,  tha  i— ging  technique  should  ba  used.  Coopering 
inaging  results  with  tha  results  of  this  study  would  show  if  tha 
boundary  layar  effected  tha  preeen t  study. 
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The  experimental  apparatus  for  thia  study  was  made  up  of 
tha  aodal,  tha  ground  boards,  tha  AFIT  S-foot  Wind  Tunnal,  tha 
instruaantation  and  calibration,  and  tha  oonputar  hardware  and 


software,  laoh  will  be  addressed  separately. 

Modal 

In  order  to  study  IG1  and  OGS,  an  ACWIG  modal  was  designed 
and  built  in  the  AFIT  model  shops.  The  model  was  built  to  match 
a  model  used  on  the  statio  table  at  the  Air  Foroe  Wright 
Aeronautical  Laboratories  Mobility  Branoh  by  Dr.  M.D.  Chawla  in 
a  similar  PAR-WIG  experiment.  The  model  represents  a  1/102 
scale  of  a  prototype  of  180  ft  span  (see  Figs  4  to  6).  The 
salient  features  of  the  wing  include: 

Wing  Profile  NACA  4415  airfoil 

Aspect  Ratio,  AR  2.33 

span,  b  20.97  in 

root  ohord,  o,  10.66  in 

tip  ohord,  o«  7.34  in 

mean  aero  ohord,  om*c  9.00  in 

Flap  (0.2  om*c )  1.80  in 

wing  planform  area,  S  1.31  ft* 

wing  sweep  angle  17.54  deg 

End  and  Center  Plates  0. 125om*c,  0.15o mac,  0. 2omac 
The  model  sise  was  designed  so  that,  along  with  the  ground  board 
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Ip-side  Down  View  of  Model 


Fig.  5  Model  Showing  Flap,  Plates,  Instrumentation,  and  Tools 


y 


and  the  model  pitched  through  the  maximum  angle  of  attack,  the 
percentage  blockage  area  did  not  exceed  7  percent. 

The  model  was  constructed  of  1/16  in  high  strength,  high 
temperature  casting  resin  with  wooden  internal  supports.  Before 
the  top  was  attached  to  the  bottom  of  the  wing,  provisions  were 
made  for  wiring,  tubing  and  Scanivalve  placement. 

The  model  was  built  with  a  machined  circular  metal  balance 
receiver  in  the  trailing  edge  to  accommodate  the  sting  which 
held  the  model  in  plaoe  in  the  tunnel  and  acted  as  a  mount  for 
the  load  balance.  The  model  angle  of  attack  was  changed  by 
changing  the  angle  of  the  sting.  When  mounted  on  the  sting, 
angle  of  attack  and  yaw  angle  could  be  adjusted.  In  the  present 
case,  yaw  angle  was  kept  constant  at  zero. 

The  flap  on  the  trailing  edge  was  a  constant  0.2cm*c  all 
along  the  span.  It  was  hinged  so  that  it  could  be  set  manually 
at  angles  ranging  from  0  to  90  deg  plus.  For  this  study,  the  flap 
angle  was  varied  from  0  to  30  deg  in  5  deg  increments.  The  flap  was 
split  at  mid-span  to  accommodate  the  center  plate  when  it  was 
attached.  The  flap  was  held  in  place  by  four  set  screws  in  the 
top  of  the  main  wing  (see  Fig.  7). 

Three  complete  sets  of  plates  were  constructed  for  this 
study.  A  set  of  plates  consisted  of  two  end  plates  and  one 
center  plate.  The  plates  were  made  in  different  sizes  to  study 
the  effect  of  the  plate  size.  The  model  was  tested  without 
plates,  with  only  end  plates,  and  with  all  plates  to  determine 
the  effectiveness  of  only  end  plates,  end  plates  with  center 
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Fig.  7  Author  Adjusting  Flap  Anglo 


plate  and  plate  size.  The  height  of  the  plates  was  measured 
at  the  1/4  mean  aero  chord  point  from  the  chord  to  the  bottom 
of  the  end  plate.  The  upper  edge  of  the  plate  followed  the 
wing  profile.  The  center  plate  was  attached  in  the  middle  of 
the  model.  The  center  plate  bottom  was  flat  like  that  of  the 
end  plates.  The  model  was  canted  upwards  at  a  5  deg  angle  to 
the  horizontal  and  the  bottom  edges  of  the  plates  were 
horizontal  in  this  position.  The  back  edges  of  the  plates 
were  vertical.  The  plates  were  attached  to  the  sides  and 
bottom  of  the  model  by  screws. 

Pressure  taps  were  drilled  on  the  left  side  of  the  wing 
around  the  mean  aero  chord  location  as  shown  in  Fig  8.  The 
tubing  for  these  pressure  taps  was  built  into  the  model  before 
it  was  closed  up.  These  tubes  were  run  to  a  Scanivalve  model  T 
compartment  inside  the  wing  (see  Fig.  9).  The  weights  of  the 
Scanivalve  and  tubing  were  taken  into  account  in  balancing  the 
model  by  adding  weights  on  the  side  opposite  the  valve.  Wiring 
was  run  from  the  Scanivalve  to  the  center  receptacle  to  exit 
along  with  the  balance  wires  to  feed  pressure  data  to  the 
computer  for  reduction. 

Ground  Boards 

The  surface  of  the  earth  was  simulated  by  various  flat 
ground  boards.  At  first,  a  board  was  to  be  plaoed  inside  the 
tunnel  and  the  model  was  to  be  raised  and  lowered  above  it  to 
provide  in-ground  and  out-of-ground  effeot  conditions.  The 
engineering  problems  entailed  in  this  system  were  immense.  To 
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MEAN  AERO  CHORD  SECTION 
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Fig.  8  Mean  Aero  Chord  Seotlon  Pressure  Taps 


alleviate  these  probloas,  three  (round  boards  of  difforoat 
widths  wsrs  built  in  ths  AFIT  shops  to  sinulate  ths  earth's 
surfsos  st  fivs  heights.  Isoh  3/4  in  plywood  board  was  8  ft 
long  snd  rsinf orosd  to  1 . 5  in  at  ths  sdgss .  Ths  width  of  saoh 
board  was  determined  by  ths  wind  tunnsl  width  at  ths  hsight  ths 
nodal  was  to  b#  looatsd.  Ths  board  at  ths  top-aost  location 
aooo— odatad  thrss  diffsrsnt  nodal  haights  by  sinply  using 
axtanding  braoksts.  Ths  snail  gaps  in  widths  at  thoss  thrsa 
haights  was  lass  than  ana  inch.  Thaas  gaps  wars  olosad  by  using 
duot  taps. 

Tha  landing  adga  of  the  board  was  first  designed  to  be  of 
aarodynanio  shapa.  It  was  disoovarad  that  this  shapa  rasultad 
in  an  undua  anount  of  turbulanoa.  Professor  Larson  of  AFIT 
suggested  reduoing  turbulanoa  by  plaoing  an  alliptioal  landing 
adga  on  tha  board  at  both  top  and  botton.  Ha  raooanandad  a  4  or 
5  to  1  ratio  of  najor  to  ninor  axes.  A  4  to  1  ratio  was 
ssleotad  sinoa  tha  rainforoad  adga  of  tha  board  was  only  1.5  in 
thick  giving  a  ninor  axis  of  0.75  in.  Thasa  edges  ware 
fabricated  fron  2x4 's  and  glued  to  tha  ends  of  tha  ground 
boards. 

Tha  boards  wars  provided  with  clsnpa  whioh  bolted  into 
brnokats  sorawad  to  tha  sides  of  ths  tunnel.  Also  attaohad  to 
the  botton  of  tha  two  higher  boards  was  a  large  retaining  bolt 
( jaok-sorew)  attaohad  to  tha  tunnel  floor.  Thasa  points  of 
attaohaent  wars  sufficient  for  oonditions  during  this  study. 

Tha  lower  board  did  not  use  tha  jaok-sorew  as  tha  board  was  so 
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dose  to  the  floor  of  the  tunnel. 

The  boards  alao  had  praaaura  taps  drillad  into  tha  right 
aida.  Tha  21  praaaura  taps  wara  apaoad  ona  in oh  apart  for 
twenty  inohaa  on  a  lina  directly  under  tha  naan  aero  chord  of 
tha  nodal  (sea  Fig.  10).  Tha  number  eleven  (oenter)  praaaura 
tap  was  sat  at  tha  1/4  ohord  point  on  tha  wing.  A  Scan i valve 
nodal  S  was  sorawad  to  tha  bottom  of  each  ground  board  to  read 
and  transfer  tha  pressure  readings  along  tha  board  to  tha 
oonputer  for  data  oolleotion. 

Tha  Tunnel 

Tha  AFIT  5-foot  Mind  Tunnel  was  constructed  in  1919  at 
MoCook  Field  in  Dayton,  Ohio.  In  1931  it  was  aoved  to  its 
currant  site  at  Nright-Patterson  AFB.  It  has  a  dosed  test 
section  measuring  5  ft  inside  diameter,  18  ft  long,  and  is 
constructed  entirely  of  wood.  Tha  entranoe  contraction  ratio  is 
3.7  to  1.  Tha  tunnel  is  open  at  both  ends  and  is  located  inside 
a  large  building  which  serves  both  as  an  inlet  planum  and  a 
discharge  ohamber  (see  Fig.  11). 

Tha  flow  is  driven  by  two  12-ft  oountar-rotating  fans 
whioh  are  each  powered  by  two  400-horsepower  DC  eleotrio  motors. 
The  tunnel  is  oapable  of  velocities  up  to  293  ft/seo  for  a 
maximum  unit  Reynolds  number  of  approximately  1.876  x  10* /ft. 
Total  pressure  is  atmospherio,  and  statio  pressure  is  measured 
by  a  manifold  oontaining  eight  statio  ports,  30  in  downstream 
from  the  tunnel  entranoe  and  6.5  ft  upstream  of  the  test 
section.  Dynamio  pressure  is  measured  by  use  of  a  Validyne 
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Modal  DP15  pressure  transducer  with  s  range  of  0.1  psi 
differential  and  a  aioroaanoaeter  as  a  baokup.  The  transducer 
was  oalibrated  against  the  aioroaanosMter  prior  to  data 
ool lection.  Dynaaio  pressure  is  controlled  by  varying  the  speed 
of  DC  Motors  driving  the  fans. 

Instruasntat ion 

Internal  Balance.  A  sting  Mounting  is  used  with  an 
internal  strain  gauge  balance.  The  balanoe  was  fitted  with  a 
Task  Corporation,  nodal  MCI,  a ix-ooaponent  strain  gauge  sensor 
provided  by  the  Air  Foroe  Flight  Dynaaios  Laboratory.  The 
balanoe  had  a  diaaater  of  3/4  inohes,  and  was  oalibrated  up  to 
25  lbf  noraal  foroe,  20  lbf  side  and  axial  forces,  and  60  in-lbf 
of  rolling  sonant.  The  balanoe  was  ratad  at  a  aaxiaua  of  40  lbf 
per  gauge  of  noraal  and  axial  foroe,  20  lbf  per  gauge  of  side 
foroe,  and  60  in-lbf  of  rolling  aonent.  The  balanoe,  aounted 
inaide  the  nodal  at  ita  aerodynaaio  center,  aeaaured  axial, 
noraal,  and  side  forces;  pitch,  yaw,  and  rolling  aoaents.  The 
balanoe  output  was  Monitored  by  a  Hewlett-Packard  (HP)  3497 A 
Data  Aoquisition/Control  Unit.  The  data  were  stored  on  floppy 
disks,  and  later  converted  to  nodal  stability  axis  ooeff ioients, 
by  an  HP  9826  ooaputer.  A  3-ooaponent  wire  balanoe  was  also 
available  for  use. 

Pressure  Scanners.  The  pressure  scanners  used  in  both  the 
aodel  and  under  the  ground  board  were  DC  aotor-driven  pulse 
soanners  with  step  oontroller  froa  Soanivalve  Corporation.  Both 
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were  fitted  with  2.5  psi  transducers  with  a  sensitivity  of  25mV. 

The  board  soanner  was  attached  to  the  underside  of  the  board  and 
was  a  model  S  valve.  The  smaller  model  scanner  was  a  model  T 
placed  in  a  receptacle  built  into  the  model  (see  Fig.  9).  Both 
Soanivalve  outputs  ran  to  an  eleotronios  terminal  ohannel  input 
which  stored  the  data  for  reduction  later. 

Support  Apparatus.  For  the  internal  balance  test,  the  aodel 
was  mounted  to  a  steel  sting  and  yoke  apparatus.  When  the  model 
was  mounted  horizontally,  operation  of  this  equipment  permitted 
angle  of  attack  limits  of  -6  to  +26  deg  and  +6  deg  sideslip,  while 
keeping  the  aodel  in  the  center  of  the  test  section.  To  attain 
sideslip  angles  of  up  to  26  deg,  the  aodel  can  be  rolled  vertically 
and  a  prebend  in  the  sting  used  for  step  increases  of  10  and 
20  deg  for  the  model’s  angle  of  attack.  The  model's  sideslip  would 
then  correspond  to  the  vertical  movement  of  the  yoke,  -6  to  +  26 
deg.  A  prebend  of  20  deg  with  a  +6  deg  lateral  movement  by  the  yoke 
would  provide  the  maximum  26  deg  angle  of  attack.  However,  with 
the  use  of  the  prebend,  the  model  would  move  outside  the  center 
of  the  teat  section  in  increasing  amounts,  depending  on  the 
prebend  angle.  The  prebend  and  sideslip  were  not  used  in  the 
study. 


CgjRPMtar 

The  Data  Acquisition  System.  The  data  taken  on  the  sting 
mounted  internal  balanoe  was  recorded  using  an  HP  9826  computer 
and  an  HP  3497  Data  Aoquisition/Control  Unit.  Eaoh  of  the 
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balance  force  component  voltages  was  sampled  ten  times  in 
approximately  two  seconds  and  averaged  at  each  data  point. 

These,  as  well  as  the  dynamic  pressure,  temperature,  barometric 
pressure,  angle  of  attack,  sideslip  angle,  and  other  information 
were  stored  by  the  computer.  Dynamic  pressure  was  measured  by 
the  same  transducer  which  was  used  to  control  dynamic  pressure. 
Temperature  was  measured  by  a  copper-constantan  thermocouple. 
Angle  of  attack  and  sideslip  were  measured  by  rheostats  attached 
to  the  electric  motors  which  set  the  angle  of  the  model. 
Barometric  pressure  was  measured  by  a  Heath  Kit  Digital  Weather 
computer  which  had  been  checked  against  a  standard  barometer. 
Plotting  capability  was  obtained  by  using  an  HP  9872C  plotter. 

Software.  A  program  written  by  Mr.  Jim  Grove  of  Flight 
Dynamics  Lab,  Aerodynamics  and  Airframes  Branch,  and  Mr.  Steve 
Coates  of  AFIT  was  used  to  reduce  the  internal  balance  forces 
into  coefficient  form  and  was  also  used  to  drive  the  plotter. 
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IV.  Experimental  Procedure 


Calibrations 

Flow  Angularity.  The  wing  model  was  ueed  for  a  series  of 
preliminary  tests  to  determine  flow  angularity  in  the  tunnel. 

The  air  in  a  wind  tunnel  does  not  flow  perfeotly  straight  at 
every  location.  A  oorreotion  had  to  be  made  to  determine  the 
actual  angle  of  attack  of  the  model.  The  oorreotion  is  called 
flow  angularity.  Angularity  was  determined  by  running  the  model 
upright  and  then  inverted,  and  plotting  the  value  of  lift 
coefficient  for  the  two  runs  on  the  same  plot.  The  angularity 
is  then  half  the  value  of  the  difference  between  the  point  where 
lift  crosses  zero  on  each  plot.  Angularity  as  measured  was  a 
mean  value  which  depended  upon  the  ratio  of  the  span  of  the 
model  to  the  tunnel  diameter  and  the  amount  the  model  was  off 
the  center  line. 

Angle  of  Attack.  The  angle  of  attack  was  determined  by  the 
voltage  reading  from  the  rheostat  attached  to  the  electric  motor 
whioh  sets  the  angle  of  the  model.  Motor  movement  was  stopped 
when  the  oorreot  voltage  was  read  for  the  desired  angle  of 
attaok.  To  determine  these  voltages  in  question  for  this  study, 
a  level  balance  such  as  an  M-2  Artillery  Gunner's  Quadrant  was 
plaoed  on  the  block  of  wood  fitted  to  the  model  (see  Fig.  9). 

The  top  surfaoe  of  this  blook  of  wood  was  parallel  to  the  center 
line  of  the  model.  The  angle  set  into  the  gunner's  quadrant  was 
attained  when  the  level  bubble  oentered.  The  voltage  reading 
was  taken  for  eaoh  desired  angle  of  attaok.  This  prooedure  was 
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repeated  and  the  values  averaged.  The  curve  drawn  from  voltages 
versus  angle  of  attack  was  linear. 

Dynamic  Pressure.  Prior  to  the  model  being  placed  in  the 
tunnel,  complete  runs  were  made  for  each  ground  board.  The 
presence  of  the  ground  board  ohanged  the  dynamic  pressure  from 
the  tunnel  harness  reading  mentioned  earlier.  A  reading  was 
taken  of  dynamic  pressure,  q,  at  the  model  looation,  above  and 
below  the  board.  This  gave  local  *q*  and  forces  on  the  board. 
The  local  ' q'  values  above  the  board  were  integrated  into  the 
computer  program  for  data  reduotion  at  the  model.  The 
difference  in  q's  above  and  below  the  board  furnished  the 
knowledge  that  a  force  of  240  lbf  was  being  exerted  downward  on 
the  board,  reinforcing  the  retaining  brackets.  Each  set  of  runs 
with  any  board  was  preoeeded  with  a  run  using  yarn  tufts  on  the 
board  surface.  No  undue  turbulence  or  burbling  over  the  edges 
was  noticed  at  any  spot  on  any  board. 

All  data  runs  were  conducted  at  a  constant  dynamic  pressure 
of  10  psf.  The  tests  originally  began  at  a  q  of  20  psf. 

However,  this  quiokly  exceeded  the  limitations  of  the  balance 
instrumentation  to  their  limits.  Three  check-runs  were 
conducted  to  determine  the  effect  of  q  on  the  coefficients. 

Data  for  these  oheck-runs  were  then  superimposed  on  a  graph.  As 
can  be  seen  in  Figs.  12  to  15,  no  difference  is  noticeable 
amongst  the  coefficient  values  for  the  different  q's.  Tests 
were  restarted  with  a  new  q  of  10  psf  and  this  was  held  constant 
throughout  the  rest  of  the  study.  Due  to  the  open  nature  of  the 
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EFFECTS  OF  CHSNCE  IN  OYNBHIC  PRESSURE  ON  L IFT/ORAC  RRTfO 
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ANGLE  OF  ATTACK 

Fig.  14  Effeots  of  Change  in  Dynamio  Pressure  on  Lift/Drag  Ratio 
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AFIT  5-foot  tunnel,  it  was  impossible  to  hold  temperature  and 
atmospheric  pressure  constant.  Temperature  varied  from  58  to 
82F  and  barometric  pressure  ranged  between  28.79  and  29.82  in  Hg. 
This  fact  caused  variations  in  the  Reynolds  number,  velocity  and 
Mach  number.  The  unit  Reynolds  number  varied  from  6.01  x  10°/ft 
to  6.45  x  10* /ft.  Velocity  was  between  68.3  mph  and  71.9  mph  and 
Mach  number  stayed  between  0.089  and  0.093. 

Transducers .  The  transducers  in  the  Scanivalves  used  in 
the  model  and  under  the  board  were  calibrated.  This  was  done  by 
using  an  Ametek/Mans field  and  Greene  Division  self-regulating, 
dead  weight  tester  with  a  range  of  4  to  254  in  H»0.  Several  tests 
were  conducted  on  each  transducer.  The  pressure  was  applied  to 
the  transducer  whioh  provided  a  voltage  readout.  The  voltage 
readouts  were  averaged  over  numerous  runs.  The  average  voltage 
was  integrated  into  the  computer  program  and  used  to  calculate 
pressures  and  coefficients  in  the  data  reduction  program. 

Flow  Separation.  One  last  point  of  interest  in  calibration 
and  test  verification  was  flow  separation.  The  possibility  that 
the  air  flow  over  the  wing  oould  separate  from  the  wing  and 
cause  false  readings  was  significant.  If  flow  separation 
ocourred,  the  data  oollected  would  not  provide  a  true  depiction 
of  foroes  in  flight.  To  show  that  the  present  experimental  set¬ 
up  would  render  aoourate  and  truthful  dta,  flow  visualization 
runs  were  made.  These  runs  were  made  to  show  that  there  was  air 
flow  across  the  entire  surfaoe  of  the  wing. 
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Oil  spots  were  plaoed  on  the  model  and  the  ground  board  as 
in  Fig.  11.  Some  flow  visualisation  runs  were  alao  run  without 
the  ground  board.  The  model  was  then  placed  in  the  configura¬ 
tions  as  delineated  by  the  cards  displayed  in  Figs.  16  to  23. 

The  wind  tunnel  was  turned  on  and  brought  up  to  test  speeds.  As 
can  be  seen  in  the  figures  related,  the  oil  drops  across  the 
entire  model  and  all  along  the  ground  board  show  that  there  was 
air  flow  over  the  entire  experimental  area.  Flow  separation  did 
not  occur  to  the  extent  that  data  integrity  was  compromised. 

From  these  runs,  it  was  determined  that  flow  separation  and 
boundary  layer  effects  did  not  disrupt  data  and  this  experiment 
was  candid  in  these  respects. 

Procedure  Variables 

There  were  several  variables  involved  which  were  incremented 
gradually  to  study  their  effect.  The  variables  and  their  ranges 

are: 

1)  Angle  of  attack,  «,  from  0  to  25  deg 

2)  Flap  angle,  a,  from  0  to  30  deg 

3)  Model  height,  H/o,  at  0.15,  0.25,  0.5,  1.0  and  2.35 

4)  End  plate  sise  and  oonf iguration  to  include: 

a)  no  plates,  00 

b)  large  end  plates  only,  OL  1 

>  0.20  o. 

o)  large  oenter  and  end  plates,  LL  j 

d)  medium  end  plates  only,  ON  \ 

}  0.15  o. 

e)  Medium  oenter  and  end  plates,  MM  | 


f)  small  and  plates  only,  OS 

g)  saall  center  and  end  plates,  SS 


0.125  c. 


All  heights  and  configurations  that  were  physically  possible 
amongst  the  combinations  listed  above  were  tested.  Graphs  and 
plots  were  then  made  to  view  and  study  the  ool looted  data.  For 
this  study,  some  height  assumptions  were  made.  The  heights, 

H/c,  represented  ranges  for  in-ground  effect  (0.15,  0.25,  and 
0.5),  out-of -ground  effect  (1.0),  and  freest ream  (2.35). 
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Fig.  18  Flow  Visualization  With  Ground  Board 


Fig.  18  Flow  Visualization  With  Ground  Board 


Fig.  19  Flow  Visualisation  With  Ground  Board 
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Fig.  20  Flow  Visualization  Without  Ground  Board 


Fig.  21  Flow  Visualization  Without  Ground  Board 


Fig.  22  Flow  Visualization  Without  Ground  Board 
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V.  Results  and  Discussion 

Results  are  presented  as  a  function  of  aavaral 
parameters.  The  mode  of  presentation  ohosen  was  a  series  of 
curves  that  were  disoussed  in  groups.  These  groups  related  to 
the  various  parameters  which  accentuate  the  effects  of  proximity 
to  the  ground  upon  the  flight  oharaoteristios  of  an  aircraft. 
These  data  were  compared  amongst  themselves  to  determine  and 
reinforoe  trends.  They  were  also  compared  against  theoretical 
expectations  and  the  conclusions  of  previously  run  experiments. 

The  plots  presented  in  this  chapter  were  all  the  results 
of  the  same  data  runs.  Eaoh  different  set  of  plots  merely 
rearranges  the  data  being  oompared  to  highlight  the  specific 
effects  of  eaoh  parameter. 

The  first  variable  to  be  checked  was  the  effect  of  a  center 
plate.  For  this  study,  tests  were  run  with  all  plate  sizes,  but 
data  are  presented  for  the  medium  plates  only.  The  other  plate 
sizes  gave  similar  results.  The  three  configurations  plotted 
are  00,  0M,  and  KM  at  H/c  values  of  0.5,  1.0,  and  2.35,  and  the 
angle  of  attaok  selected  is  15  deg.  These  plots  were  then 
compared  taking  into  account  the  ef foots  of  w,  9,  and  H/c. 

Plots  were  made  of  Ci.,  Co,  L/D,  and  Cm  vs  9.  From  the  plots 
shown  at  Figs.  B-l  to  B-4,  it  is  concluded  that  the  presence  or 
absenoe  of  a  oenter  plate  does  not  have  any  notioeable  effect 
upon  the  coefficients  studied.  The  effeot  of  the  oenter  plate 
alone  in  increasing  L/D  was  not  addressed  in  any  literature 
studies.  The  only  effeot  of  a  oenter  plate  noted  in  literature 


wu  that  the  center  plats  might  halp  in  breaking  up  vortioaa 
which  may  davelop  under  tha  wing  oauaing  instabilitias  (12). 

The  next  affaots  invast igat ad  ware  tha  effeots  of  tha 
prasenoa  of  and  plates,  as  wall  as  thair  size.  Theoretically, 
and  platas  will  notioaably  increase  the  lift  oharaotaristios  of 
a  wing  flying  near  the  surfaoe  (35).  These  end  plates  have  bean 
found  to  serve  two  basio  functions.  First,  they  act  as 
containment  walls  for  a  high  pressure  air  oushion  being  forced 
under  tha  wing  by  tha  forward  velocity  of  the  wing.  Secondly, 
they  tend  to  serve  as  a  vehicle  support  system  at  low  speeds 
which  allows  greater  ground  clearance.  However,  the  end  plates 
could  eventually  replace  the  landing  gear  system.  Their  use  as 
landing  gear  would  then  entail  design  of  a  ground  handling 
system  to  move  the  aircraft  around  on  the  surface.  Tne  first 
function  is  the  primary  concern  of  the  aerodynamicist  studying 
improved  lift. 

There  is  a  detraction  from  this  first  benefit  of  end  plates, 
however.  When  flying  close  to  the  surface,  the  vehicle 
maintains  a  clearance  between  the  bottom  of  the  plates  and  the 
ground.  This  clearance  is  necessary  to  maintain  structural 
integrity  in  flight  and  to  reduce  frictional  drag.  This 
clearance  allows  the  air  cushion  discussed  earlier  to  leak  out 
the  sides  under  the  plates,  as  well  as  being  forced  out  the 
rear.  This  leakage  not  only  causes  a  loss  of  potential  lift  but 
also  acts  as  a  brake  since  it  is  operating  normal  to  the 
direction  of  travel.  From  this  theory,  it  is  concluded  that  end 
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plates  not  vary  near  to  tha  aurfaoa  will  detraot,  not  aid,  in 
tha  inoraaaa  of  L/D. 

The  configurations  used  in  this  study  were  00,  LL,  MM,  and 

SS  at  H/o  values  of  0.25,  0.5,  1.0,  and  2.35.  Flap  angle,  «, 

was  varied  from  0  to  30  dag  and  angle  of  attack,  ex,  from  0  to 
25  deg.  Tests  were  conducted,  and  graphs  plotted,  of  Ct.,  Cd, 

L/D,  and  C*«  vs  s.  It  was  found  that  for  each  value  of  H/c, 

lift  increased  with  tha  addition  of  tha  and  plates  to  varying 
extents.  The  drag  stayed  almost  exactly  the  same.  This 
resulted  in  a  rise  in  L/D.  These  graphs  are  shown  in  Figs. 

B-5  to  B-20.  Thus,  it  was  established  that  it  is  of  significant 
advantage  to  have  the  end  plates. 

In  ground  effect,  the  values  for  L/D  ranged  from  5.7  to  4.5 
at  H/c  =  0.25  and  5.8  to  4.1  at  H/c  =  0.50  for  large  center  and 
end  plates.  If  the  plates  were  removed,  this  range  decreased  to 
5.4  to  3.9  at  H/c  =  0.25  and  5.5  to  3.7  at  H/c  =  0.50.  For  the 
beginning  of  the  out-of-ground  regime,  i.e.,  at  H/c  =  1.0,  L/D 
values  with  plates  ranged  from  5.0  to  3.5  and  without  plates 
were  5.0  to  3.2.  For  freestream  effects,  the  range  with  plates 
was  5.3  to  3.6,  and  without  plates,  5.2  to  3.2.  These  last  two 
heights  have  near  identical  values  for  all  plate  configurations. 
The  plots  show  that  there  is  little  effect  of  plate  size  and 
that  conditions  at  H/o  =1.0  were  nearly  equivalent  to  free¬ 
stream  effects  at  H/c  =  2.35. 

The  next  parameter  to  be  isolated  for  its  effects  was  H/c, 
i.e.,  the  effects  of  ground  proximity.  Again  for  this  study 


52 


the  data  for  medium  plataa  war*  uaad  to  show  raaulta.  Angle  of 
attaok,  «,  was  5,  15  and  25  deg  and  flap  angle,  a,  used  was  0, 

10,  20,  and  30  deg. 

In  ths  plots  shown  from  Figs.  B-21  to  B-36,  Cl.,  Co,  L/D, 
and  Cm  wara  plottad  vs  haight,  H/o.  Comparing  Figs.  B-21, 

B-2S,  B-29  and  B-33,  it  was  very  olear  that  Cl.  decreased  as 
haight  was  increased.  However,  Ct.  increased  with  ex  to  the 
point  where  stall  was  reaohed.  Thereafter,  it  did  not  add  any 
more  lift.  As  observed  in  this  study,  the  model  stalled 
between  22  and  25  deg  depending  upon  the  configuration.  Drag 
coefficient,  Co,  was  very  nearly  level  for  each  value  across 
the  spectrum  of  height.  However,  as  «  increased,  the  drag 
increased  quite  dramatically.  The  plot  of  Cm  vs  H/c  showed  a 
stabilizing  effect  by  being  close  to  the  surface.  The  data 
shown  here  definitely  agreed  with  the  theory  of  flying  in 
ground  effect.  It  showed  directly  the  conclusions  reached 
when  ground  effects  were  first  noticed  (43).  As  the  aircraft 
flew  closer  to  the  surface,  a  notioeable  increase  in  lift, 
decrease  in  drag,  and  the  corresponding  increase  in  L/D,  was 
realized.  As  to  be  expeoted  also  from  theory,  when  flap  angle 
was  increased,  the  drag  increased  so  the  L/D  decreased.  Every 
experimental  study  has  shown  the  same  results. 

The  next  step  was  to  attempt  to  delineate  the  boundaries  of 
the  various  regions.  It  was  stated  in  Chapter  4  that  H/c  =  0.15 
to  0.50  were  assumed  to  represent  IGE.  It  was  in  this  sons  that 
most  of  the  effeots  were  prevalent.  At  H/o  =  1.0,  out  of  ground 


•f facta  began.  Tha  IQI  vara  not  aaan  at  thia  altitude.  At 
approximately  H/o  =  2.0,  tha  f raaatraaa  oaaa  la  aooountarad. 

This  statement  more  or  lass  agrees  with  tha  observation  of  other 
investigators  that  ths  ground  effeots  persist  until  about  one 
chord  height. 

Tha  data  oolleoted  and  exhibited  in  tha  sat  of  plots  at 
Figs.  B-37  to  B-44  more  or  lsss  rsinforosd  these  divisions  of 
tha  various  regimes.  (Bacall,  straight  lines  were  dram  between 
points  on  these  plots.  The  only  true  data  oolleoted  were  the 
point  values  of  H/o  mentioned  prsviously. )  The  gaps  between 
heights  tested  left  some  voids  and  made  for  inaoouraoies  hidden 
in  the  straight  lines  drawn  between  test  points.  It  was  unknown 
whether  the  changes  between  two  test  points  occurred  dramatically 
at  the  beginning  of  the  gap,  at  the  end  of  the  gap,  in  batmen, 
or  if  possibly  the  changes  were  gradual.  However,  from  the  data 
plots  and  the  additional  lines  drawn  in  on  Fig.  B-43,  regime 
boundaries  were  inferred.  The  data  supportted  the  assumptions 
made  in  Chapter  4. 

The  values  are  shown  in  thess  figures  by  comparing  the  ratio 
of  Cl,  Co.  L/D,  and  Cm  to  their  respective  values  at  freeetream 
conditions  vs  H/o.  For  example,  as  H/o  =  2.35  values  have  been 
taken  for  freeetream  values  in  this  study.  Cl/  Cl-  at  H/o  =  2.35 
is  necessarily  equal  to  1.  Ths  lnorease  in  lift  and  L/D  is 
apparent  near  the  surfaoe  in  these  plots. 

Pressures  were  also  investigated  in  this  study.  There  is  much 
less  information  available  in  literature  upon  this  faoet  of 
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interest  with  wings- in-ground  off  sot.  Thsrs  wsrs  two  kinds  of 
prsssurss  which  wsrs  rsoordsd  snd  studisd ;  ground  prsssurs  on  ths 
ground  boards  snd  ths  wing  prsssurs  profils  on  ths  model  itsslf. 
Prsssurss  wsrs  taksn  for  flap  angle,  «,  froa  0  to  30  dsg  at  10  dsg 
increments  (see  Figs.  24  and  25). 

Thsrs  wsrs  21  prsssurs  taps  in  ths  ground  board  oovsring  a 
distanos  of  20  in  looatsd  under  ths  right  assn  asro  ohord. 

Prsssurs  tap  #11  was  plaosd  directly  under  ths  quarter  ohord 
point.  Ths  14  prsssurs  taps  in  ths  aodsl  wsrs  plaosd  at  a  slight 
angle  across  ths  left  aean  asro  ohord  of  the  wing.  Sight  taps 
wsrs  on  ths  top  of  ths  aodsl  and  six  wsrs  on  ths  bottom.  Model 
prsssurs  tap  #1  was  on  the  leading  edge  of  ths  wing.  Sss  Fig.  8 
for  details. 

Ground  pressures  were  of  priaary  interest  aw  ths  information 
in  ths  literature  on  this  subjeot  was  ra re.  In  ths  plots  that 
are  at  Figs.  C-l  to  C-12,  ths  ohange  in  pressure  along  the  ground 
board  oan  be  observed.  Whether  ths  prsssurs  was  positive  or 
negative  (auction)  is  determined  for  ths  spsoifio  configuration 
of  that  tast  run.  Of  importance  to  this  study  was  ths  absolute 
value  of  ths  prsssurs  and  whether  it  followed  theory  as  expected. 

Given  Bernoulli's  equation  and  ths  conservation  of  mass, 

p  +  l/2pV*  =  oonstant;  PiAiVi  =  p«A*Va 

it  is  understood  that  when  ths  flow  area  dsorsasss,  ths  vslooity 
aust  inorease  given  oonstant  density.  It  is  also  understood 
that  as  ths  vslooity  inoreaaea,  ths  pressure  aust  dsorsass.  Of 
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oourse,  the  oppoaite  is  also  true. 

Referring  to  Fig.  C-l  for  example,  ths  loading  adga  of  tha 
wing  at  tha  mean  aaro  chord  is  just  forward  of  tast  station  *9. 
Tha  trailing  adga  is  Just  short  of  tast  station  #18.  As  tha  air 
rushad  at  tha  wing,  tha  highest  pressure  encountered  was  at 
tha  noaa  of  tha  wing  or  slightly  in  front  of  it.  This  is  shown 
on  tha  plot  by  tha  large  absolute  value  of  tha  pressure 
coefficients  (C»)  at  this  point.  As  seen  on  tha  plot,  as  tha 
air  travelled  along  tha  ohord  of  tha  wing,  tha  pressure  was 
decreased.  Tha  area  of  flow  between  tha  wing  and  tha  surfaoa  was 
being  decreased  due  to  the  oaaber  and  angle  of  attack  of  tha 
wing.  Due  to  continuity,  as  this  arsa  decreased,  the  flow 
aooelerated  to  Maintain  Mass  flow  rate.  The  C»'s  on  the  plot 
verified  this  by  decreasing  their  absolute  value.  At  the 
trailing  edge,  the  area  was  the  smallest  it  would  get.  At  or 
slightly  past  this  point,  the  flow  began  to  expand  thus 
increasing  the  area  and  decreasing  the  flow  velocity  and 
increasing  the  pressure  shown  by  the  C*'s  turning  away  from  the 
sero  line  in  Tig.  C-l.  These  plots  show  how  well  the  present 
study  correlates  with  theory  and  expected  results. 

The  angle  of  attaok  ohanged  the  C»  curve  itself  but  the 
movements  of  the  C»'s  followed  the  same  pattern  around  the  wing 
regardleas.  This  oan  be  seen  by  comparing  the  lines  on  each 
individual  plot.  Also,  as  the  flap  angle  ohanged,  varying 
oonstriotion  of  the  flow  between  the  wing  and  the  ground  board 
was  realised.  The  flap  forced  a  nossle  with  the  board  and  moved 
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tha  C,  valua  up  and  down  tha  Y-axis.  This  is  seen  by  comparing 
plota  of  differing  0  such  as  Figs.  C-10,  C-ll  and  C-12. 

As  tha  wing  was  rotatad  through  various  anglas  of  attack 
and  flap  angla  changes,  mora  of  tha  air  flow  which  anterad 
under  tha  laading  adga  of  tha  wing  was  foroed  out  under  tha 
plates  on  tha  sides.  Continuity  was  still  preserved,  of 
course,  but  tha  nossla  was  greatly  expanded  and  inefficient. 
This  caused  more  variations  in  the  pressures  fait  under  the 
wing  and  presented  additional  bulges  in  the  pressure  profile 
and  aberrations  in  C»  values  and  graphs.  This  leakage  caused 
as  much  difficulty  in  interpretation  of  pressure  data  as  it 
caused  losses  in  lift.  Gallington  et  al,  (18)  mentioned  this 
same  phenomenon  and  the  need  to  overcome  it.  By  staying  close 
to  the  surface  with  the  bottom  of  the  end  plates,  much  of  this 
loss  was  stopped.  Further  study  oould  show  what  angle  of 
attack  and  flap  angle  provides  the  greatest  lift  and  pressure 
data  without  large  losses  from  the  sides. 

Wing  pressure  profiles  are  shown  in  Figs.  D-l  to  D-24. 
Referring  to  Fig.  D-l  as  an  example,  the  area  between  the 
curves  represents  the  total  lift  experienced  by  the  wing 
seotion  identified  by  the  pressure  tap  locations  shown  in 
Fig.  8.  If  a  large  number  of  these  sections  were  taken  and  the 
areas  between  all  of  the  curves  were  quantified  and  summed,  the 
lift  would  approach  that  given  by  the  force  balance  data  for 
that  run.  The  upper  surfaoe  experienced  a  vaouum  over  its 
surfaoe  while  the  lower  surfaoe  had  a  alight  positive  pressure. 


This,  of  course,  is  the  real  cause  of  lift. 

Searching  through  the  figures  of  wing  pressure  profile,  it 
was  observed  that  an  inorease  in  flap  angle  increased  the  lift 
produced  but  the  curve  stays  nearly  the  same  shape.  As  angle 
of  attack  was  varied,  this  shape  changed.  The  curves  for  each 
angle  of  attack  maintained  their  shape  for  all  heights  above 
the  surface.  The  area  between  the  ourves,  however,  changed 
with  the  height.  Comparing  Figs.  D-l  and  D-19  shows  the  loss 
of  lift  coincidental  witl)  flying  out  of  the  ground  effects 
experienced  in  Fig.  D-l. 

Because  the  several  curve  shapes  are  maintained  and  with 
the  variation  of  area  between  the  curves  as  a  result  of  height 
changes,  it  is  quite  possible  to  use  these  curves  to  predict 
the  lift  that  will  be  generated  at  various  conditions  and 
configurations.  It  is  feasible  to  use  this  pressure  data  for 
analytical  studies  in  the  future  to  better  understand  the 
behavior  of  flying  in  and  out  of  ground  effects. 

The  inferences  drawn  from  the  pressure  data  in  Figs. 

D-l  to  D-24  oan  be  compared  to  the  inferences  which  stem  from  the 
force  data  presented  earlier  in  this  chapter.  Using  Tables  1 
and  2,  lift  and  L/D  present  general  trends  which  change  with 
H/c,  «,  and  *.  Equivalent  trends  were  noted  from  the  pressure 
plots. 

Referring  to  Table  1,  seleot  H/c  =  1.0  and  0.5  with 
*  =  5  deg.  Total  lift  inoreased  as  H/c  decreased.  Comparing 
the  area  between  the  ourves  on  Figs.  D-9  and  D-15  gave  this  same 
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TABLE  1 


Examples  of  Lift  Variation  with  Flap  Angle,  e, 
and  Angle  of  Attack,  w  (MM) 


# 

H/o  =  0.25 

H/o  =0.5 

H/c  =  1.0 

H/o _=_2 

0 

- 

2.  16 

- 

2.30 

0 

10 

- 

3.92 

- 

3.63 

30 

- 

8.66 

- 

7.61 

0 

9.  16 

6.97 

6.  19 

6.23 

5 

10 

11.41 

8.98 

7.92 

7.85 

30 

15.79 

13.85 

12.05 

11.89 

0 

- 

16.01 

- 

13.76 

15 

10 

- 

17.83 

- 

15.74 

30 

_ 

21.75 

— 

19.62 

35 
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TABLE  2 


Examples  of  L/D  Variation  with  Flap  Angle,  *, 
and  Angle  of  Attack,  cx  (MM) 


s 

H/o  =  0.25 

H/c  =0.5 

H/o  =  1.0 

H/o  -  2 

0 

4.25 

4.  42 

10 

- 

4.60 

- 

4.62 

30 

- 

3.88 

- 

3.26 

0 

5.71 

5.58 

4.98 

5.23 

10 

5.41 

5.  11 

4.  54 

4.78 

30 

4.53 

3.94 

3.43 

3.56 

0 

- 

4.52 

- 

4.00 

10 

- 

4.  20 

- 

3.68 

30 

_ 

3.51 

— 

2.96 

35 
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impression.  By  also  comparing  Figs.  B-9  and  B-13,  the  same 
results  were  again  obtained  with  Cl  as  the  variable. 

On  Table  2,  for  the  same  H/o  and  ex,  the  L/D  increased  as 
H/c  decreased.  Comparing  Figs.  B-ll  and  B-15  rendered  the 
corresponding  conclusion  which  lead  to  a  belief  that  L/D  can  be 
predicted  by  knowledge  of  pressure  curves. 

The  effects  of  angle  of  attack  and  flap  angle  upon  the 
L/D  were  studied  more  oarefully  by  plotting  another  set  of 
graphs  to  combine  other  data.  These  plots  were  made  for  all 
heights  studied  and  with  all  different  plate  configurations. 

For  each  angle  of  attack  the  flap  angles  used  were  0,  10,  20  and 
30  deg.  This  reduced  the  congestion  of  the  graphs. 

Comparing  the  plots  was  quite  simple  as  the  scales  were  the 
same.  These  plots  verified  quite  a  bit  of  information  already 
addressed.  First,  the  addition  of  center  plates  did  not  affect 
the  results.  An  identifiable  difference  was  perceived  in  the 
presence  or  absence  of  end  plates  in  general,  however,  what 
size  plates  were  used  was  not  a  factor.  All  plates  sizes  used 
showed  similar  effects.  Thus,  the  two  remaining  sets  of  data 
for  no  plates  and  medium  center  and  end  plates  at  Figs.  E-l  to 
E-8  were  ohosen.  Both  sets  of  plots  demonstrate  the  same 
general  effects  of  L/D  and  verify  the  same  conclusions. 

The  difference  between  H/c  =  1.0  and  2.35  is  negligible. 
Quite  a  bit  of  differenoe  is  noted  below  H/o  =  1.0.  The  L/D 
increased  dramatically  in  ground  effect. 

The  effeot  of  plates  on  the  wing  are  negated  onoe  the  wing 
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la  out  of  ground  effect.  However,  In  ground  effect,  the  plates 
do  Illustrate  an  advantageous  effect.  These  plots  verify  results 
postulated  by  studying  other  parameters  earlier  in  this  ohapter. 

As  flap  angle  increased,  the  lift  increased  but  the  drag 
increased  to  a  greater  extent.  This  caused  the  L/D  to  drop.  The 
L/D  decreased  eaoh  time  flap  angle  was  increased.  Again,  these 
results  verified  previous  oonolusions. 

The  angle  of  attack  had  a  major  effect  upon  the  L/D.  As 
seen  in  all  of  the  figures  listed  for  this  subject,  «  =  0  deg 
did  not  provide  the  best  ratio.  In  actuality,  pilots  know  not 
to  take-off  or  land  at  zero  degrees  angle  of  attack.  The 
aircraft  is  always  rotated  to  gain  lift.  This  study  always 
showed  a  climb  in  L/D  up  to  «  =  5  deg  and  then  a  decrease  from 
then  on.  It  was  not  known  for  sure  where  this  decrease  began 
but  it  was  between  5  and  10  deg.  The  normal  take-off  approach 
angle  for  helicopters  is  taught  as  7  to  10  deg  thus  supporting 
this  data.  A  steep  approach  angle  (read  "higher  power 
required")  is  15  deg,  to  be  used  only  if  neoessary  sinoe  it  is 
not  very  efficient. 

At  small  angles  of  attack,  both  the  lift  and  the  drag 
coefficient  are  small.  At  large  angles  of  attack,  the  lift 
coefficient  grows  larger  but  the  drag  coefficient  did  the 
same.  It  was  found  in  other  studies  that  increasing  only 
1.5  to  2  deg  over  the  angle  whioh  presented  the  minimum  drag 
coefficient  only  slightly  increased  drag  while  it  greatly 
increased  lift  (42).  This  point  should  give  the  greatest  L/D. 


From  these  discussions,  it  was  obvious  that  flying  in  ground 
effect  will  raise  the  L/D.  The  ratio  of  Ci.  to  Cd  provides  the 
same  value  as  the  ratio  of  the  forces,  L/D,  themselves.  If  Cl. 
becomes  greater  and  Co  lesser,  then  the  ratio  is  greater. 

The  present  study  confirmed  the  generally  aooepted 
results  of  theory  and  previous  studies.  Even  though  some  curve 
shapes  were  unexplainable,  (see  Figs.  B-43  and  B-44)  the 
apparent  inconsistencies  did  not  appear  throughout  the  study. 
These  odd-shaped  curves  were  believed  to  have  resulted  from 
experimental  error  rather  than  from  actual  phenomenon  of  flight. 
In  other  words,  they  were  from  bad  data;  a  glitch  in  the 
apparatus.  They  were  rare  and  the  large  majority  of  data  and 
curves  were  consistent  rendering  conclusive  results. 
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VI.  Conclusions 

As  stated  at  the  beginning  of  this  study,  the  primary 
purpose  of  this  effort  was  to  show  that  greater  amounts  of  lift 
and  highe*  L/D  are  obtained  by  flying  close  to  the  surface  of 
the  earth.  The  conclusions  of  this  study  were  definitive  and 
correspond  quite  well  with  trends  expected  from  theoretical 
analysis  as  well  as  those  trends  identified  in  other  studies. 

Most  importantly,  the  height  above  the  surface  had  a 
profound  effect  upon  the  L/D.  The  wing  flew  more  efficiently 
due  to  reduced  power  requirements,  a  result  of  increased  lift 
and  decreased  drag  experienced  near  the  surface.  The  effects  of 
the  proximity  to  the  surface  were  reduced  as  height  was 
increased  until  freestream  values  were  approximated  in  the 
vicinity  of  H/c  =  1.0. 

Control  surfaces  and  the  attitude  of  flight  affected  the 
production  of  lift  and  drag  and  therefore,  necessarily,  their 
ratio.  As  the  angle  of  attack  of  the  wing  increased  from  0  to  5 
deg,  the  L/D  increased.  However,  somewhere  between  5  and 
10  deg,  the  rise  in  L/D  reversed  and  began  to  fall.  For  all 
further  increases  in  angle  of  attack,  the  L/D  decreased.  As  the 
flap  angle  was  increased  from  zero,  the  drag  increased  at  a 
faster  rate  than  lift.  This  resulted  in  a  rapid  decline  in  L/D. 

Changing  the  configuration  of  the  wing  by  adding  end  and 
center  plates  caused  some  noticeable  effects.  Addition  of  end 
plates  resulted  in  an  increase  in  L/D  when  the  wing  was  in 
ground  effeots.  This  was  caused  by  trapping  air  between  the 
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wing,  the  surfaoe,  and  the  plates.  Trapping  the  air  created  a 
cushion  of  air  whioh  resulted  in  greater  lift.  The  plates  added 
only  minutely  to  the  drag  on  the  wing.  The  size  of  the  plates 
used  did  not  cause  any  appreciable  benefit  or  loss  as  long  as 
they  were  present  and  near  the  surface.  Onoe  the  wing  was  out 
of  ground  effect,  there  was  no  longer  a  cushion  of  air  trapped 
under  the  wing  and  the  additional  benefit  was  lost.  The  end 
plates  alone  created  as  much  a  benefit  as  they  did  when  combined 
with  a  oenter  plate. 

Pressure  profiles  from  ground  and  wing  pressure  readings 
correspond  to  theoretical  expectations  as  well  as  other 
experimental  results.  Due  to  the  repetitive  pattern  the 
distributions  exhibited,  it  is  deduced  that  the  pressure 
distributions  can  be  used  to  predict  the  lift  generated  by  a 
wing  under  varying  control  inputs  and  configurations. 
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The  results  of  this  study  allow  for  oontinued  work.  If 
further  work  is  done,  the  model,  instrumentation,  set-up,  and 
methodology  can  be  refined  and  improved  to  provide  more  acourate 
and  automated  model  ohanges  and  data  collect ion.  Some  ohanges 
in  the  experiment  are  needed.  Also,  from  this  study,  it  oan  be 
determined  that  the  ranges  of  variable  ohanges  oan  be  narrowed 
for  oloser  study  and  more  detailed  analysis  to  keep  from 
repeating  segments  that  do  little  to  meet  the  primary  purpose  of 
this  study.  These  include: 

1.  Angle  of  attack  should  be  narrowed  to  values  between  0  and 
10  deg  as  this  range  has  shown  the  greatest  L/D.  More 
increments  in  this  range  should  be  taken. 

2.  The  flap  angles  should  be  narrowed  to  values  between  0  and 
19  deg  for  L/D  maximisation. 

3.  The  AR  should  be  inoreased  from  2  to  perhaps  6  or  as  high  as 
10  because  other  studies  have  shown  that  higher  AS  may  be 
more  advantageous  for  yielding  higher  L/D  values. 

4.  There  should  be  a  larger  variation  in  the  size  of  the  plates 
to  determine  if  any  more  assistance  is  available  with  the 
use  of  end  plates. 

5.  The  imaging  of  the  model  to  run  the  test  should  be  attempted 
to  do  away  with  the  ground  boards  which  are  restrictive, 
inaoourate,  and  quite  bulky.  Imaging  the  system  will  be  an 
engineering  marvel  in  itself  but  would  improve  the  quality 
of  data. 


6.  Consideration  should  bs  given  to  the  possibility  of  using 
the  wire  balance  systea  rather  than  the  sting  and  yoke.  The 
sting  and  yoke  assembly  presented  problems  to  surmount  in 
the  construction  of  boards,  eto. 

7.  The  oloseness  of  the  lines  in  many  of  the  plots  in  the  study 
show  that  little  effeot  was  registered  in  many  aspeots.  To 
enhance  the  study  and  provide  more  realism,  and  to  refine 
the  effeots  of  configuration  changes,  some  sort  of  engines 
should  be  added  to  the  model.  This  would  ohange  the  study 
from  the  glider  mode  to  the  PAR- WIG  mode.  The  flow 
generated  by  the  engines  would  oertainly  enhance  the 
performance  of  the  model  near  the  ground  and  may  further 
show  the  benefits  of  end  plates  over  oonventional  landing 
gear  systems. 

8.  If  additional  tests  are  run,  the  effeot  of  surface  roughness 
of  the  board  should  be  varied  to  simulate  different 
terrains.  Flat  surfaoes  do  not  usually  exist  in  nature, 
other  than  at  Edwards  Air  Force  Base,  and  to  simulate 
readiness  at  various  locations,  a  rough,  vegetated,  broken 
surfaoe  should  ba  tested. 

9.  The  ground  board  should  extend  a  greater  distance  behind  the 
model.  This  will  negate  the  possibilities  of  any  turbulenoe 
bubbling  up  over  the  rear  lip  and  travelling  upstream,  thus 
interfering  with  the  model  performance.  This  will 
necessitate  changes  and  redesign  in  the  yoke  assembly. 
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10.  From  the  present  study,  thsrs  doss  not  sssb  to  bs  much 
advantage  in  using  the  and  plates  on  wings  flying 
substantially  higher  above  the  ground  than  two  tines  the 
ohord  height.  Plates  nay  be  retracted  like  the  landing  gear 
itself.  The  possibility  of  retraoting  the  end  plates  into 
the  wings  of  the  airoraft,  nuoh  like  landing  gear,  could  be 
studied  for  flight  out  of  ground  effeot. 

11.  A  ooaputer  program  such  as  PANAIR  should  be  used  before  the 
physical  tests  are  run.  The  program  should  duplicate  the 
nodal  and  the  boundary  conditions  as  olosely  as  possible  so 
that  computer  prediction  will  directly  resenble  the  real- 
life  output  obtained  in  the  test. 

12.  H/o  can  be  narrowed  to  values  equal  to  and  less  than  1.0 
since  this  study  shows  that  there  is  very  little  ohange 
between  H/o  -  1.0  and  2.35.  Instead,  more  heights  in  this 
smaller  range  could  be  tested  to  obtain  full  data  in  the 
most  promising  area.  (If  flight  out-of -ground  effects  is 
contemplated,  stability  problems  in  that  regime  will  need 
to  be  tested. ) 
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Appendix  A 


Conpyter  Program 

This  ■•otion  describes  tha  program  us ad  by  the  HP9826  daak 
top  computer  to  oonvart  tha  raw  data  (voltages  from  tha 
voltmeter)  to  stability  axes  foroa  and  moment  ooeffloients,  and 
to  collect  and  store  pressure  data. 

The  final  output  array  SOB,  13)  of  stability  axes 
ooeffloients  and  associated  parameters  (for  up  to  30  test 
points)  consists  of: 

S(I,1):  Test  point  number 

S(I,2):  Corrected  angle  of  attaok 

S(I,3):  Corrected  dynamic  pressure 

S(I,4):  Stability  axes  yawing  moment  coefficient 

S(I,5):  Stability  axes  rolling  moment  coefficient 

S(I,6):  Center  of  pressure 

S(I,7):  Stability  axes  lift  ooeffioient 

S( I , 8 ) :  Stability  axes  drag  ooeffioient 

S(I,9):  Stability  axes  pitohing  moment  coefficient 

S(I,10):  Stability  axes  side  force  coefficient 

S( I, 11 ) :  Yaw  angle 

S(  1, 12) :  Not  Used 

S( I, 13) :  Not  Used 

The  test  point  number  is  a  consecutive  number,  starting  with 
one,  aasigned  to  eaoh  pu.  1  in  a  given  run  by  the  computer.  As 
stated  above,  this  program  will  handle  up  to  30  data  points  per 
run.  Most  runs  consisted  of  7  data  points. 
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The  process  of  computing  the  stability  axes  forces  and 
moments  from  the  balanoe  loads  is  rather  complex.  The  oomputer 
reads  the  bridge  excitation  voltage  from  the  six  volt  power 
supply  and  the  temperature  of  the  air  entering  the  tunnel  from  a 
thermocouple  located  just  outside  the  mouth  of  the  tunnel  one 
time  eaoh.  The  computer  then  reads  the  base  pressure  gauge  nine 
times,  the  forward  normal  foroe  gauge  nine  times,  the  aft  normal 
force  gauge  nine  times,  the  forward  side  foroe  gauge  nine  times, 
the  aft  side  force  gauge  nine  times,  the  rolling  moment  gauge 
nine  times,  and  the  axial  foroe  gauge  nine  times.  It  repeats 
the  cyole  from  the  forward  normal  foroe  gauge  to  the  axial  force 
gauge  five  times,  yielding  45  readings  of  each  balance  gauge. 

The  program  averages  the  45  values  for  each  gauge.  The  computer 
operator  inputs  the  tare  code  to  be  used,  the  configuration 
code,  the  run  number,  and  the  type  of  data  point  (wind  off 
point,  tare  point,  wind  on  point,  final  point).  All  voltages 
input  to  the  computer  by  the  voltmeter  are  in  volts.  The  balance 
calibration  constants  are  in  units  per  millivolt  so  the  balance 
calibration  constants  are  multiplied  by  1000.  The  temperature 
calibration  constants  are  then  used  to  convert  the  temperature 
voltage  to  Fahrenheit,  which  is  then  converted  to  Rankine. 

Next,  the  program  subtracts  the  wind  off  values  at  zero  angle 
of  attack  of  the  six  balanoe  voltages  and  the  base  pressure  in 
pounds  per  square  foot  from  the  respective  values  of  these 
quantities  at  eaoh  test  point.  The  balanoe  gauge  interactions 
are  then  oaloulated.  The  program  uses  the  gauge  interactions. 
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the  calibration  constants  and  the  balance  loads  to  calculate 
gauge  loads.  From  these  loads,  the  forces  and  moments  are 
calculated.  The  normal  force  and  pitching  moment  are  calculated 
from  the  two  normal  force  gauge  loads,  the  rolling  moment  from 
the  rolling  moment  gauge  loads,  and  the  axial  force  from  the 
axial  force  gauge  load.  These  forces  are  the  forces  printed  out 
under  "Balance  Loads  (Tares  Not  Removed)".  (See  Fig.  A-l. ) 

At  this  point  the  program  splits  into  two  branches  -  one  for 
calculating  tare  slopes  and  one  for  calculating  force  and  moment 
coefficients.  The  tare  slopes  are  used  to  correct  the  data  for 
model  weight  at  angle  of  attack.  If  the  data  type  input  by  the 
operator  is  tare  data,  the  program  next  calculates  four  tare 
slopes  from  loads  from  the  six  balance  gauges.  To  check  the 
calculated  tare  slopes,  the  tare  slopes  are  applied  to  the 
balance  loads  in  the  tare  data  and  the  appropriate  values 
subtracted  from  the  tare  loads.  These  differences  are  printed 
out  so  the  operator  can  verify  they  are  approximately  zero.  The 
four  calculated  tare  slopes  are  then  stored. 

The  second  branch  of  the  program  calculates  force  and  moment 
coefficients  from  the  wind  on  data.  The  angle  of  attack  is 
determined  as  follows.  The  computer  takes  the  voltage  read  from 
the  angle  of  attack  voltmeter  at  the  tunnel  operator's  station 
and  converts  the  voltage  to  degrees  angle  of  attack  («)  using 
the  angle  of  attaok  calibration.  This  value  is  printed  out  as 
"Theta"  in  the  section  "Balance  Loads  (Tares  Not  Removed)"  (See 
Fig.  A-l).  This  is  the  angle  of  attack  printed  out  with  the  body 
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DATA  COLl  t'.IED 


08  :  S3 :  50  4  Now  1988 


RUN  NUMBER  48 

E  RE  BEND  0  ROLL  ANGLE  0 

HEIGHT  OE  BOARD  <  IN  INCHES):  31.15 

ELAP  DEElECTION  (IN  DEGREES):  15 

BALANCE  LOADS  (TARES  NOT  REMOVED) 


PN 

Bgraw 

DECREE 

IHETA 

DEGREE 

NEB 

LBS 

PMEJMB 
Lb*  IN 

SF6 

LBS 

YMOMB 

LB*IN 

RMOMB 

lb*in 

"I 

C.  . 

-.01 

.01 

4.709 

-22.922 

.057 

-  .414 

2.008 

*» 

j  • 

-  .01 

4.95 

9.078 

-31  .217 

.056 

-.222 

2.160 

4  . 

-  .01 

10.00 

19.514 

-39.847 

.  164 

- .  186 

2 . 022 

s. 

-  .01 

14.99 

t  7 . 558 

-47.888 

.121 

-.196 

1 .709 

&. 

-  .01 

19.98 

20.828 

-53.978 

.069 

.165 

2.374 

-  .01 

25.04 

19.1  66 

-55.778 

-  .330 

3.877 

8.750 

RING-  IN- GROUND  Ef  rEC  T5 
ftfIT  b-FOOT  TUNNEL 


TEST  »  Ml? 


RUN  ’  AG 


0 

VELOC. 

MACH 

TEMP. 

REYN.# 

PATH 

PSF 

MPH 

NO. 

<  F ) 

PER  FT 

IN.HG 

11  .83 

69.3 

.091 

GO  .  b 

6.26E*0S 

29.29 

TPN 

ALPHA 

PS  I 

CL 

CD 

CM 

DEG  DEG 

Q  CP  BLANK  BLANK  PBASL 

PSF  IN.FR.NG  PSF 


1 

C.  ■ 

.31 

-  .01 

.3102  .0705  -  . 09bA 

1 1  .97 

6.7b 

0.000  0.000  3. ISA 

3 . 

b.S6 

-  .01 

.5738  .1299  -.0888 

M  .86 

5.32 

0.000  0.000  3.09b 

A  . 

10. 94 

-0.00 

.8310  .2106  -.0658 

’2.03 

A.  63 

0.000  0.000  2.99A 

b. 

16.22 

-0.00 

1.0671  . 3082  -.UHA9 

12.03 

a.  60 

0.000  0.000  2.8A2 

6. 

21  .A3 

-0.00 

1.2A76  . A09A  - . 09AS 

12.07 

A  .1*7 

U.000  0.000  3. 1.-3 

7  . 

26 . 33 

-  .UA 

1.1100  .A 726  -.1203 

•2.0' 

A  .  7  9 

0.000  0.000  7.196 

UAREA 

SQ.F1 

TARE 

CODE 

TLAP 

ANGLE 

1.310 

6. 

1b. 

CN 

CRL 

.0037 

-  .0010 

.006A 

.0035 

-  .0010 

.0066 

.0103 

- .0008 

.0062 

.00  76 

-  .001  A 

O 

o 

CP 

.  0UA2 

- .0020 

.0070 

-  .  UJ  1  4 

- .0031 

.0277 

Fig.  A-2  Example,  Reduced  Data  Printout,  Sheet  2 
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axes  coefficients  (to  be  discussed  later).  The  program  then  uses 
the  sting  deflection  coefficients  (included  in  the  program  like 
the  balance  constants  and  tunnel  constants)  to  calculate  the 
horizontal  and  vertical  displacement  and  rotation  of  the  sting 
due  to  aerodynamic  loads.  From  these  deflections  and  "theta",  it 
calculates  pitch  angle.  These  pitch  angles,  model  constants,  and 
the  tare  slopes  are  used  to  correct  the  forces  and  moments 
calculated  above.  The  forces  and  moments  are  now  in  the  body 
axis. 

The  next  step  is  to  correct  dynamic  pressure  for  blockage 
corrections.  To  calculate  the  dynamic  pressure,  the  program 
averages  the  tan  readings  of  each  of  the  eight  pressure  ports 
2.5  ft  upstream  to  get  an  average  uncorrected  dynamic  pressure 
for  the  10  ft  test  section.  These  values  are  then  corrected,  by 
use  of  'delta  q'  which  was  determined  in  the  board  only  runs  for 
local  'q'  at  the  model.  It  then  converts  this  value  to  pounds 
per  square  foot,  subtracts  the  wind  off  value,  and  corrects  for 
compressibility  using  the  following  equation: 

-0. 2857 

q  =  (3.5)  (static  pressure)  _ static  pressure  -1 

j  atmospheric  pressure 

where  q  is  the  dynamio  pressure  corrected  for  compressibility 
and  the  static  pressure  is  the  difference  between  the  dynamic 
pressure  before  the  compressibility  correction  is  made  and  the 
atmospheric  pressure.  (The  atmospheric  pressure  is  the  value 
typed  in  by  the  operator,  converted  from  in  Hg  to  psf  The 
corrected  dynamic  pressure  is  found  by  applying  the  foil  -wing 


combined  solid  and  wake  blockage  correction: 

q-~~-  =  (dynamio  pressure  after  oompressibility  oorreotion)  * 

(1  +  total  blookage  corrections)2 

The  total  blookage  oorreotion  is  oalculated  from: 

Total  blookage  =  1/4  (model  frontal  area) /(test  seotion  area) 

The  dynamio  pressure  printed  with  the  stability  axes  foroe  and 
moment  coefficients,  both  for  eaoh  data  point  and  the  value 
averaged  over  all  points  in  the  run,  and  in  the  final  output 
array  is  q<=. 

Next  the  axial  force  is  corrected  for  base  pressure. 

oorreoted  axial  foroe  =  axial  foroe  (body  axis) 

-  (base  area) *( base  pressure) 

The  base  area  is  a  model  oonstant.  For  the  model  used,  it  was 
0.0062  ft2.  Using  this  oorreoted  axial  foroe  and  the  other  forces 
and  moments  after  the  tare  slopes  oorreotion,  the  program 
oaloulates  1)  the  body  axes  foroe  coefficients  by  dividing  by  the 
body  axis  foroes  by  the  produot  of  q.  and  the  wing  area,  and 
2)  the  pitohing  moment  ooeffioient  by  dividing  the  produot  of 
q.—-.-,  the  wing  area,  and  the  mean  aerodynamic  chord.  It  then 
oorreots  «  for  downwaah  using  the  following  equation: 

( tunne l°oross -seoti onal^area ) 
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where  6  is  a  boundary  oorreotion  for  downwash  and  sidewaah  from 
Pope  and  Rae  (33:380). 

Next  the  program  usee  from  the  above  equation  to  oonvert 

the  body  axis  forces  and  moments  to  stability  axes  foroes  and 
moments.  The  stability  axes  coefficients  are  oaloulated  from 
these  stability  axes  foroes  and  moments.  The  program  corrects  the 
drag  coefficient  and  drag  as  follows:  (this  is  an  induced  drag 
oorreotion) 

Co..rr  =  (stability  axes  drag  ooeffioient) 

+  (4) (model  ref,  area) (stability  axes  lift  coeff. )* 
(tunnel  oross-seotional  area) 

D..rr  =  ( CD.„rr)  ( q«,  ««-«•)  (model  reference  area) 

The  program  then  uses  Ccarr,  «•••>■>,  and  tl  •  stability  axes 

lift  to  recalculate  the  axial  and  normal  foroes.  Using  these 
axial  and  normal  forces,  and  pitching  moments  after  the  tare 
slopes  oorreotion,  the  program  recomputes  the  body  axes 
ooeffioients  and  stability  axes  foroes  and  moments.  These  are  the 
body  axes  ooeffioients  and  the  stability  axes  foroes  and  moments 
which  are  printed  out.  The  stability  axes  foroes  and  moments 
printed  out  are  then  converted  to  stability  axes  ooeffioients  in 
the  same  manner  the  previous  foroes  and  moments  have  been 
converted  to  ooeffioients,  and  printed  out. 

There  are  several  other  miscellaneous  pieoes  of  information 
printed  out  with  the  stability  axes  ooeffioients.  The  oenter  of 
pressure,  measured  from  the  nose,  is  essentially  the  distanoe  from 
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the  nose  to  the  moment  reference  oenter  minus  the  quantity  of  the 
pitching  moment  divided  by  the  normal  foroe.  The  base  pressure  is 
printed  out  as  a  delta  pressure  (p  statio-  p  base).  The  tare 
code,  the  configuration  code,  and  atmospheric  pressure  are  as 
input  by  the  operator.  The  wing  area  is  a  model  oonstant.  The 
temperature  is  the  measured  temperature  oonverted  to  Fahrenheit, 
averaged  over  all  points  in  the  run.  The  velooity  and  unit 
Reynolds  number  oaloulations  require  the  density.  The  density  is 
obtained  from  the  measured  temperature  and  a  oorrected  atatic 
pressure.  The  oorreoted  statio  pressure  is  found  by  subtracting 
q—  from  the  atmospherio  pressure. 

The  velocity  and  unit  Reynolds  numbers  were  calculated  from: 
velooity  =  (2  q— —./density )  x 

R»*/ft  =  (density)  <  velooity) _ _ _  _ _  _ .  _  . . 

( 2. 27 H [temp  in  Rankins] *  •/[temp  in  Rankins  ♦  198. 6]>  (10-*) 

respectively  and  averaged  over  all  the  test  points  in  the  run. 

The  Maoh  number  is: 

Meoh  Mo.  s  velooity 

(49.07)  (measured  temperature  in  mtL)i"a 

averaged  over  all  test  points  in  the  run.  The  two  oolumns 
labeled  "P  left"  and  "P  right"  were  not  used. 

If  desired,  this  program  will  oolleot  and  store  pressure  data 
for  up  to  30  test  points.  The  computer  reads  each  of  the  14 
model  and  21  ground  board  pressure  ports  ten  times  and  averages 
the  values  for  each  port.  This  program  does  not  print  out  any 
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pressure  data.  The  pressure  date  output  file,  consists  of  the 
average  pressure  values,  the  dynamio  pressure  voltage,  the 
atmospheric  pressure  in  inohes  of  Mercury,  the  test  point  number, 
the  data  type,  and  the  run  number,  in  that  order,  for  each  data 
point.  Another  program  was  used  to  reduoe  and  print  out  the 
pressure  data. 

Run  Schedule 

The  run  schedule  was  set  up  to  aoquire  all  data  needed  at  a 
given  height  of  the  model  before  moving  to  the  next  height.  Hhen 
the  model  height  became  very  low,  several  of  the  plates  would  not 
fit  on  the  model.  In  some  oases,  the  plates  fit  but  left  no  room 
for  variation  of  angle  of  attack.  The  runs  at  each  height 
consisted  of  seven  plate  configurations :  1)  no  plates,  2)  large 

end  plates  only,  3)  large  center  and  end  plates,  4)  medium  end 
plates  only,  5)  medium  oenter  and  end  plates,  6)  small  end  plates 
only,  and  7)  small  oenter  and  end  plates. 

Integrated  into  eaoh  of  these  different  configurations  was 
variation  of  flap  angle,  #,  from  0  to  30  deg  at  5  deg  increments; 
and  angle  of  attack,  «,  from  0  to  25  deg  at  5  deg  increments.  Yaw 
was  fixed  at  0  deg.  Before  data  were  oolleoted  for  reduction,  a 
tare  value  was  taken  with  eaoh  weight  ohange  (plate  configuration) 
to  subtract  the  weight  oomponsnts  of  the  model  from  the  foroes 
oolleoted  in  the  software. 

The  ground  boards  were  set  at  heights  of  0. 15om*c ,  0.25om*o, 
0.5Com*o,  1.0ommi  and  2.35om*o,  is.,  1.35  in  to  21.15  in.  The 
lower  three  heights  represented  in-ground  effect  oooditlone. 
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UH  PLATES 
=  0.50 


Fig.  B-2  Effeots  of  Medium  Plates, 


EFFECTS  OF  MED  TUM  PLATES 


Fig.  B-4  Effects  of  Medium  Plates,  CM 


EFFECTS  OF  CENTER  AND  END  PLATES 


Fig.  B-5  Effects  of  Center  and  End  Plates,  CL 


Fig.  B-8  Effects  of  Center  and  End  Plates 


Fig..  B-9  Effeots  of  Center  end  End  Pistes 


EFFECTS  OF  CENTER  AND  END  PLATES 
a  *5/  H/C «].i 


Fif-  B-13  Kffaota  of  Cantor  and  Bad  Plata#, 
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fig.  B-14  If foots  of  Cantor  and  End  Plataa, 


FLAP  ANGLE  8 

Fig.  B-15  Kffaote  of  Cantar  and  Knd  Plata*,  L/D 


B-16  Effeots  of  Center  and  End  Plates, 


Fig.  B-17  Effeots  of  Canter  and  End  Plates,  CL 


Fig.  B-18  Effects  of  Center  and  End  Plates,  CD 
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and  End  Plates,  CM 


EFFECTS  OF  GROUND  PROX  IH  fTY 
MED  TUN  PLATES,  a=0 
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ALT  fTUOE/HEAN  AERO  CHORD  H/C 


EFFECTS  OF  GROUND  PROXIMITY 
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RLTITUDE/HERN  RERO  CHORD  H/C 
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CHORD  H/C 


ALT  fTUQE/MEAN  AERO  CHORD  H/C 


Fig.  B-26  If foots  of  Around  Proxiaity, 


ALT  fTUOE/HEAN  AERO  CHORD  H/C 
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EFFECTS  OF  GROUND  PROX  f M  f TY 
HEOrUH  PLATES,  a. 15 
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AL T HUDE/MEAN  AERO  CHORD  H/C 


PIT ITUOE/HERN  AERO  CHORD  H/C 


ALT  fTUDE/MEAN  AERO  CHORO  H/C 


ALT  HUDE/HERN  AERO  CHORD  H/C 


ALT  fTUDE/MEAN  AERO  CHORD  H/C 


Fig.  B-34  Effects  of  Ground  Proximity,  CD 


ALT f TUDE/MEflN  AERO  CHORD  H/C 


Fig.  B-36  Effects  of  Ground  Proximity,  CM 


GROUND  EFFECTS  W f T H  RESPECT  TO  FREE  STREAM  EFFECTS 
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ALT  fTUOE/HEAN  AERO  CHORD  H/C 

Fig.  B-37  Ground  Effects  With  Respeot  to  Freestream  Effects,  CL 


GROUND  EFFECTS  WITH  RESPECT  TO  FREE  STREAM  EFFECTS 

o.  *B,  0  =  5 
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8  -5  ]  1 .  5  2  2.5 

ALT ITUOE/MEflN  AERO  CHORD  H/C 

Fig.  B-38  Ground  Effects  With  Respect  to  Freestream  Effeots,  CD 


»  .s  J  J.S  2  2.5 

ALT  fTUOE/HEAN  AERO  CHORD  H/C 

Fitf.  B-39  Ground  Effects  With  Respect  to  Freestrean  Ef foots,  L/D 
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GROUND  EFFECTS  WITH  RESPECT  TO  FREE  STREAM  EFFECTS,  0«S 


ALT  fTUOE/HERN  AERO  CHORO  H/C 

Ground  Effects  With  Respeot  to  Freestreem  Effects,  L/D 
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APPENDIX  C:  GROUND  PRESSURE  PLOTS 
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TEST  STRTION  * 

Fig.  C-l  Ground  Pressures  Medium  Center  and  End  Plates 


MEDIUM  CENTER  RND  END  PLRTESj  ©->30 1  H^C 
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TEST  STATION  * 

Fig.  C-3  Ground  Pressures  Medium  Center  and  End  Plates 
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TEST  STRTION  * 

Fig.  C-4  Ground  Pressures  Medium  Center  and  End  Plates 


MEDIUM  CENTER  RND  END  PLRTES*  ©-10,  H^C-0.50 
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TEST  STRTION  # 

Fig.  C-5  Ground  Pressures  Medium  Center  and  End  Plates 


MEDIUM  CENTER  RND  END  PLRTES*  0-30 1  HXC-0.50 


Fig.  C-6  Ground  Pressures  Medium  Center  and  End  Plates 


GROUND  PRESSURES 

MEDIUM  CENTER  RND  END  PLRTES*  ©-30 j  H^C 
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TEST  STRTION  * 

Fig.  C-9  Ground  Pressures  Medium  Center  and  End  Plates 


TEST  STRTION  # 

Fig.  C-10  Ground  Pressures  Medium  Center  and  End  Plates 
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TEST  STRTION  * 

Fig.  C-ll  Ground  Pressures  Medium  Center  and  End  Plates 
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Fig.  C-12  Ground  Pressures  Medium  Center  and  End  Plates 


APPENDIX  D:  WING  PRESSURE  PLOTS 


140 


Fig.  D-l  Wing  Pressure  Profile 


Fig.  D-2  Wing  Pressure  Profile 


WING  PRESSURE  PROFILE 

MEDIUM  CENTER  AND  END  PLATES t  a  -5 |  ©-30,  H-'C 
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WING  PRESSURE  PROFILE 

MEDIUM  CENTER  FIND  END  FLRTES ;  01-0;  6-0;  H/C-0.50 
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WING  PRESSURE  PROFILE 

MEDIUM  CENTER  RND  END  PLRTES*  a  -0,  ©-10*  H^C-0.50 
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PERCENT  MERN  RERO-CHORD 


WING  PRESSURE  PROFILE 

MEDIUM  CENTER  AND  END  PLATES |  a  -0}  6-30}  H^C-0.50 
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Fig.  D-6  Wing  Pressure  Profile 


WING  PRESSURE  PROFILE 

MEDIUM  CENTER  AND  END  PLRTES*  a  -5 |  ©-0*  HxC-0.50 
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Fig.  D-7  Wing  Pressure  Profile 


WING  PRESSURE  PROFILE 

MEDIUM  CENTER  RND  END  PLRTES*  Q  -5 |  6-10)  H^C-0.50 
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Fig.  D-8  Wing  Pressure  Profile 


WING  PRESSURE  PROFILE 


PERCENT  MERN 
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MEDIUM  CENTER  RND  END  PLRTES |  a-l5|  O-10j  H/C-0.50 
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PERCENT  MERN  RERO-CHORD 
Fig.  D-ll  Wing  Pressure  Profile 


Fig.  D-12  Wing  Pressure  Profile 


PERCENT  MERN  RERO-CHORD 
Fig.  D-13  Wing  Pressure  Profile 


Fig.  D-14  Wing  Pressure  Profile 


WING  PRESSURE  PROFILE 
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PERCENT  MERN  RERG-CHORD 

Fig.  D-15  Wing  Pressure  Profile 
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PERCENT  MEHN  RERO-CHORD 
Fig.  D-17  Wing  Pressure  Profile 
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Fig.  D-18  Wing  Pressure  Profile 


PERCENT  MERN  RERO-CHORD 
Fig.  D-19  Wing  Pressure  Profile 


Fig.  D-20  Wing  Pressure  Profile 
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PERCENT  MERN  RERO-CHORD 
Fig.  D-21  Wing  Pressure  Profile 
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PERCENT  MERN  AERO-CHORD 
Fig.  D-22  Wing  Pressure  Profile 


Fig.  D-24  Wing  Pressure  Profile 
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ANGLE  OF  ATTACK 

Fig.  E-l  Effects  of  Angle  of  Attack  and  Flap  Angle  on  L/D 


ANGLE  Or  RTTRCK 

Effects  of  Angle  of  Attack  and  Flap  Angle  on  L/D 


Fig.  E-4  Effects  of  Angle  of  Attack  and  Flap  Angle  on  L/D 
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Fig.  E  5  Effects  of  Angle  of  Attack  and  Flap  Angle  on  L/D 


RNGLE  OF  RTTRCK 

Angie  of  Attack  and  Flap  Angle  on  L/D 
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ANGLE  OF  ATTACK 

Fig.  E-8  Effect,  of  Angl.  of  Attack  and  Flap  Angla  on  L/D 
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The  effect  of  flying  dose  to  the  earth's  surface  on  the 
lift  to  drag  ratio  (L/D)  was  investigated.  This  was 
accomplished  with  the  model  of  a  NACA  4415  wing, jin  the  AFIT  5- 
foot  Wind  Tunnel.  J 

The  model  was  equipped  with  a  full-^span  adjustable  flap  and 
three  sets  of  end  and  oenter  plates.  Ground  boards  were  placed 
in  the  tunnel  to  simulate  the  earth's  surface.  Five  different 
heights  of  the  model  above  the  ground  boards  were  seleoted  to 
represent  in  and  out  of  ground  effeots  regimes. 

Data  were  oolleoted  for  foroes  and  pressures  on  the  model 
and  on  the  board.  The  graphioal  representation  of  results 
displayed  the  effeots  of  changing  model  parameters  versus  force, 
moment  and  pressure  coefficients. 

These  oonolusions  were  oompared  to  theory  and  other 
literature  for  correlation.  Results  were  oonolusive.  The 
effeots  of  oenter  plates  and  the  variation  of  plate  sise  were 
negligible.  The  preeenoe  of  the  set  of  end  plates  was 
benefioial  near  the  surface  but  was  negligible  out  of  ground 
effeots.  The  height  of  the  model  above  the  board  produoed 
noticeable  differences  in  results.  Angle  of  attack  was  shown  to 
have  a  marked  influence  along  with  flap  angle.  Pressure  plots 
also  appeared  to  provide  a  method  of  predioting  the  amount  of 
lift  produoed.  >  c  -c  <. 
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